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 Summary 
 
Aquaculture is acknowledged worldwide as a major contributor to food security. Nile tilapia (Oreochromis 
niloticus) is the second most produced freshwater fish, and an important source of affordable animal protein in 
Africa. Tilapia production in Africa is characterised by traditional small-scale subsistence farming systems and more 
recently the introduction of large-scale intensive farming systems. The efficiency of tilapia production can be 
improved by farming with genetically improved strains that are developed for particular types of production 
systems. Genetically improved tilapia strains have been developed under controlled conditions, without proper 
assessment of their suitability for culture in both intensive and extensive systems, where conditions likely may 
differ from which the strains were developed in. It is important to determine the potential effect of genotype X 
environment interaction (GxE) on the performance of these improved genotypes in production systems in Africa. 
To date the potential GxE effect on the production performance of improved Nile tilapia genotypes in different 
production systems has not been investigated, and validated in Africa. This study therefore assessed the 
performance of six unrelated strains of Nile tilapia to determine the possible influence of GxE on the growth rate, 
proximate carcass composition and haematological parameters. Unrelated strains were randomly allocated to a 
high input systems (represented by a high energy (HE) diet in the form of a commercial feed), and a low input 
system (represented by a natural low energy (LE) diet in the form of duckweed (Lemna minor) during two trials 
conducted during summer (Experiment 1) and winter (Experiment 2), respectively. The strains (displayed 
significant differences in relation to a wide range of growth parameters for both treatments (diets) and seasons, 
with the GIFT strain having the best overall performance. The growth rate of strains fed the HE diet was 
significantly higher than strains fed the LE diet, for all strains during both seasons. There was no significant 
difference in yield between strains and treatments for Experiment 1. There was significant difference observed in 
Experiment 2, where the Red strain was characterized by lower yields. The condition factor for both diets was 
within acceptable ranges, and no difference in survival was observed in relation to strains and diets. The HE diet 
resulted in a significantly higher carcass fat content, whereas the LE diet result a higher carcass ash and moisture 
(90 – 95%) content. Diet did not influence carcass protein content. Red blood cell (RBC), haemoglobin (HB) and 
hematocrit (HCT) values did not differ between diets, while significant differences were observed for mean 
corpuscular volume (MCV), mean corpuscular haemoglobin (MCH), mean corpuscular haemoglobin concentration 
(MCHC), white blood cell (WBC), neutrophils (NEU), eosinophils (EOS), and basophils (BASO). The study reports on 
the first phenotypic biserial correlations for Nile tilapia for growth parameters, with all bi-serial correlations 
reported all growth traits for Experiment 1 being above the threshold of 0.8, indicating an absence of GxE 
interaction. The bi-serial correlations calculated for Experiment 2 similarly indicated a level of non-significant GxE 
for most strains, with Strain S6, where a weak degree of GxE was observed (0.729-0.777). In some cases, re-ranking 
was observed, however, this re-ranking was found to be not significant. This study confirmed significant 
differences between the strains in relation to various growth parameters, although there was no clear indication of 
GxE effects associated with the LE and HE diets. The superior strains may therefore be recommended for 
application in relation to both treatments applied in this study. GIFT strain (S4) perform significantly better than 
other strains in the wider coverage of this experiment.  The findings of this study indicated that it is important to 
determine the GxE influence on the performance of improved genotypes, especially when they are propagated for 
use in low input, small-scale production systems, which may represent conditions that differ from those under 
which the genotypes have been developed in.  A greater awareness also needs to be created amongst subsistence 
and commercial tilapia farmers in Africa about the possible effect of GxE on the production performance of wild 
and genetically improved genotypes under different environmental conditions. 
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 Opsomming 
 
Akwakultuur word wêreldwyd erken as 'n belangrike bydraer tot voedselsekerheid. Nyl tilapia (Oreochromis 
niloticus) is die tweede mees geproduseerde varswatervis, en 'n belangrike bron van bekostigbare diereproteïen in 
Afrika. Tilapia produksie in Afrika word gekenmerk deur tradisionele kleinskaalse bestaansboerderystelsels en 
meer onlangs die bekendstelling van grootskaalse intensiewe boerderystelsels. Die doeltreffendheid van tilapia 
produksie kan verbeter kan word deur die gebruik van geneties verbeterde stamme wat vir spesifieke tipes 
produksiestelsels ontwikkel is. Geneties verbeterde tilapia genotipes is ontwikkel onder beheerde toestande, 
sonder behoorlike beoordeling van hulle geskiktheid vir kultuur in beide intensiewe en ekstensiewe stelsels, waar 
toestande waarskynlik kan verskil van dit waaronder die genotipes ontwikkel is. Dit is belangrik om die potensiële 
invloed van genotipe x omgewing interaksie (GxE) op die prestasie van hierdie verbeterde genotipes in 
produksiestelsels in Afrika te bepaal. Tans is die effek van GxE op die produksie prestasie van verbeterde Nyl tilapia 
genotipes in verskillende produksiestelsels nog nie ondersoek en bevestig vir produksietoestande in Afrika nie. 
Hierdie studie evalueer dus die prestasie van ses onverwante genotipes van Nyl tilapia om die moontlike invloed 
van GxE op die groeitempo, karkas samestelling en hematologiese parameters te bepaal. Onverwante bloedlyne is 
ewekansig toegewys aan 'n hoë inset stelsel (verteenwoordig deur 'n hoë-energie (HE) dieet in die vorm van 'n 
kommersiële voer) en 'n lae inset stelsel (verteenwoordig deur 'n natuurlike lae energie (LE) dieet in die vorm van 
duckweed (Lemna minor) tydens twee proewe wat onderskeidelik in die somer (Eksperiment 1) en winter 
(Eksperiment 2) uitgevoer is. Die genotipes het betekenisvol verskil in terme van 'n wye verskeidenheid van groei 
parameters vir beide behandelings (dieet) en seisoene, met die GIFT genotipe wat algeheel die beste presteer het. 
Die groeitempo van genotipes wat die HE dieet ontvang het, was aansienlik hoër as die genotipes wat die LE dieet 
ontvang het, vir alle genotipes en vir beide seisoene. Daar was geen beduidende verskil in opbrengs tussen 
genotipes en behandelings in Eksperiment 1 nie. Daar is ŉ beduidende verskil waargeneem in Eksperiment 2, waar 
die Rooi genotipe gekenmerk is deur ŉ laer opbrengs. Die kondisiefaktor vir beide diëte was binne aanvaarbare 
grense vir Nyl tilapia en geen verskil is in die oorlewing met betrekking tot genotipe en dieet waargeneem nie. Die 
HE dieet het 'n aansienlik hoër karkasvetinhoud tot gevolg gehad, terwyl die LE dieet lei 'n hoër karkasvog inhoud 
gelei het (90-95%). Dieet het nie die karkasproteïeninhoud beïnvloed nie. Rooibloedsel- (RBS), hemoglobien- (HB) 
en hematokrit (HCT) waardes het nie tussen diëte verskil nie, terwyl beduidende verskille waargeneem is vir 
gemiddelde korpuskulêre volume (MCV), gemiddelde korpuskulêre hemoglobien (MCH), gemiddelde korpuskulêre 
hemoglobien konsentrasie (MCHC), witbloedsel- (WBC), neutrofiel- (NEU), eosinofiel- (EOS) en basofiel (BASO) 
tellings. Die studie doen verslag oor die eerste fenotipiese twee-reeks (biserial) korrelasies vir Nyl tilapia vir groei 
parameters, met die twee-reeks korrelasies vir groei eienskappe vir Eksperiment 1 wat bo die drumpel van 0.8 was 
wat dui op 'n gebrek aan GxE interaksie. Die twee-reeks korrelasies bereken vir Eksperiment 2 het insgelyks 
aangedui 'n vlak van nie-beduidende GxE vir die meeste stamme waargeneem is, met Genotipe S6 waar 'n swak 
graad van GxE waargeneem is (0.729-0.777). In sommige gevalle is die rangorde van die genotipes aangepas, maar 
hierdie aanpassing was nie betekenisvol nie. Hierdie studie bevestig beduidende verskille tussen die genotipes met 
betrekking tot verskillende groei parameters, hoewel daar nie 'n duidelike aanduiding van GxE effekte 
waargeneem is wat verband hou met die HE en LE dieet nie. Die meer doeltreffende genotipes kan dus aanbeveel 
word vir gebruik in toestande soortgelyk aan hierdie studie. Die GIFT genotipe het aansienlik beter as die ander 
genotipes in die wyer opset van die eksperimente in dié studie gedoen. Die bevindinge van hierdie studie dui 
daarop dat dit belangrik is om die GxE invloed op die prestasie van verbeterde genotipes, veral wanneer hulle 
aanbeveel word vir gebruik in lae inset, kleinskaalse produksiestelsels, wat eise aan genotipe kan stel wat verskil 
van dié waaronder die bepaal genotipe ontwikkel is. 'n Groter bewustheid moet ook geskep word onder bestaans- 
en kommersiële tilapia boere in Afrika oor die moontlike uitwerking van GxE op die produksieprestasie van wilde 
(onverbeterde) en geneties verbeterde genotipes onder verskillende omgewingstoestande. 
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 Preface 
 
This dissertation is presented as a compilation of seven chapters.   
 
Chapter 1  General introduction 
   
Chapter 2  Literature review  
   
Chapter 3  Methodologies 
   
Chapter 4  The influence of diet on the growth performance of six Nile tilapia (Oreochromis 
niloticus L.) strains under different nutritional regimes 
   
Chapter 5  A comparative assessment of the proximate composition of different Nile tilapia 
(Oreochromis niloticus L.) strains under different nutritional regimes 
   
Chapter 6  The influence of nutritional regime on the haematological parameters and  
proximate composition of the different Nile tilapia (O.niloticus L.) strains 
   
Chapter 7  General conclusions and recommendations 
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List of Abbreviations 
 
GIFT: Genetic improvement of farmed tilapia. 
ICLARM:  International Center for Living Aquatic Resources   Management: 
GIP: Genetic Improvement Program 
LE:  Low Energy 
HE:  High Energy 
Phenotype: The observable properties of a cell or an organism that result from genotype, the 
environment and the interaction of the genotype and the environment. Physical appearance, 
performance characteristic of an individual. 
Correlations: Association between characteristics of individuals. The correlation coefficient is a statistical 
measure of degree of association and varies from -1.0-to +1. 
Biserial correlations: It is a test whether there is an association between the growth and the different 
groups, which involve one binary variable and one continuous variable. 
Genetic correlations: Association among traits of individuals due to genetic influences.  
Phenotypic correlations: Association among traits of individuals due to physical/ environmental 
influences.  
Genetically improved strains: Breed that has been selected for a particular traits over generations. 
GXE I: Genotype by Environment Interactions 
Allele’s frequency: The relative proportion of all alleles of a gene that are of a designated type. 
Additive Genetic Variation: Genetic or hereditary variation dependent on additive gene effects. 
Heritability (h2): The portion or fraction of the total variance for any trait in a population which is due to 
additive genetic effects. 
Epistatic: Any type of interaction in which thr genotype at one locus affect the phenotypic expression of 
the genotype at another locus. 
Pleiotropy: Genetic situations in which one gene affects more than one qualitative or quantitative 
character or trait of an individual. 
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GIFT: Genetic Improvement of Farmed Tilapia. 
Linkage: Gene pairs on the same chromosome that tend to remain together at meiosis more frequently 
than would be expected if they segregated independently. 
Marker-assisted selection (MAS): Selection for trait based on DNA markers that are associated with the 
desirable phenotypes of the trait rather than selection based soley on the phenotype. 
Sire: Male broodstock or parent for an animal. 
Dam: Female broodstock or parent of an animal. 
Pedigree: A record of the animals from which a given individuals is descended. 
Breed: Group of animals having a common origin and identifying characters that distinguish them as 
belonging to a breeding group. 
Environmental variance: Character in a population due to environmental influences. 
Family: It is the representation of a group of animals with line of descent having genetic relationship.  
Genetic Marker: Any pair of alleles or DNA sequence whose inheritance can be traced through a mating 
or through a pedigree. 
Genetics: It is the study of biological hereditary. 
Heterosis: The superiority of hybrids or offspring over either parent in respect of one or more traits. 
Species: A group of animals or plants possessing in common one or more distinctive characteristics and 
which are fully fertile when intermated. They are kept genetically distinct through various forms of 
reproductive isolation from other species. 
Trait: Any aspect of the appearance, behaviour, development, biochemistry, or other features of an 
organism. 
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Glossary  
STRAIN: A population of individuals with a common genetic history and often some common 
characteristics sometimes called a breed in a farmed species. 
STANDARD DEVIATION: A statistical term measuring the degree of variation of a trait, symbolized by σ 
(variance). 
POPULATION: A separate group of animals within a species. 
INBREEDING DEPRESSION:  The reduction in performance caused by inbreeding. 
INBREEDING: The mating of animals sharing common ancestry (related animals). 
GENETIC GAIN: The change in the value of a trait due to selection caused by the change in allele 
frequencies in response to selection. 
GENOTYPE: The total effect of all genes affecting a given trait (biometric definition) or the genetic makeup 
of an individual indicating which alleles that occur at a given locus (Mendelin definition). 
GENOTYPE-ENVIRONMENTAL INTERACTION (G×E) When the relative genetic performance of individuals 
or genetic group (e.g sib families or populations) for a given trait changes from one test environment to 
another. 
FAMILY SELECTION: Selection based on the average performance of full-or half- sib groups. 
FECUNDITY: The number of eggs a species releases’ also known as fertility. 
DOMESTICATION: The genetic selection process that adapts wild animals to environmental conditions in 
captivity. 
BROODSTOCK: Animals that are selected to be parents for the next generation. 
AQUACULTURE: Production of aquatic animals or plants under farming conditions. 
BASE POPULATION: The individuals giving rise to a population (e.g. the individuals used for starting a 
breeding program). 
Breeding: The reproduction of animals or plants 
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Chapter 1 
General introduction 
 
1.1  A brief history of Aquaculture 
Aquaculture has in recent years become the fastest growing food producing sector in the world, 
resulting from the average annual increase in growth of more than 8% from the mid-1980s to the mid-
2000s (Gjedrem &  Baranski, 2009a).  Aquaculture activities in China and other Asian countries date back 
to almost 5 000 years, with carp (Cyprinus carpio) being the first species to be cultivated in earthen pond 
systems, feeding on planktons, algae, snails and detritus. The origin of aquaculture activities in Sub-
Saharan Africa can be traced back to 1920, with the introduction of  rainbow  trout (Oncorhynchus 
mykiss) as the major cultivable species in countries such as Kenya, Madagascar and later  Tanzania 
(Toguyeni, 2004). Early references to Nile tilapia (Oreochromis niloticus) farming dates back as far as 
2500 BC in Egypt, with archaeological finds from the Pharaoh’s tomb depicting the harvest of tilapia 
from artificial ponds (El-Sayed, 2006; FAO, 2012).  Aquaculture was also practiced in the first century in 
Rome where circular tanks were the culture system used (Parker, 1989).  
 
 The aquaculture sector includes more than 230 species of finfish and shellfish that are cultured in 
systems ranging from extensive to highly intensive farming systems (FAO, 2006; 2008b). The 
contribution of aquaculture to food production, food security and livelihoods on local, nationally and 
international levels is considered as highly significant, with further contributions to the generation of 
employment, rural development and foreign trade being recognized (Simard, 2012). However, when the 
international growth in the sector is considered, the growth and scope of aquaculture activities in Sub-
Saharan Africa, and in particular Nigeria, is hampered by limited access to biotechnologies and improved 
genotypes that potentially can assist subsistence farmers, which comprises about 90% (FAO, 2006) of 
the aquaculture sector in Africa, to remain viable and farm sustainably.  
 
1.2  Global aquaculture production and trends 
There is an increasing demand for food and affordable sources of animal protein, being motivated by an 
expected increase in the world’s human population from the current 7.5 billion to 9.6 billion by 2050 
(FAO, 2012). An estimated 795 million people is considered to be undernourished or experiencing 
hunger which year? (FAO, 2012; FAO, 2015). When capture-based fisheries are considered, it is evident 
that this sector has reached a sustainable threshold of around 90 million tonnes per year, with 
production from aquaculture expected to supply in the growing demand for food (FAO, 2014b). 
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Fish contributes approximately 17% of the global animal protein being consumed, and 6.7% of total 
protein consumption (FAO, 2016a). Global per capita fish consumption increased from 10 kg in 1960s to 
more than 20 kg in 2015 (FAO, 2016a). Fish supply increased to reach 136 million tonnes in 2012, and 
164 million tons in 2014, respectively (FAO, 2014b).  
                                                                                                                                                                                    
The global average production increased from 145.9 million tonnes in 2009 to 167.2 million tonnes in 
2014 (FAO, 2016). China is considered as a leading country in terms of aquaculture production, 
contributing more than 60% (45.5 million tonnes) in 2014 (FAO, 2016a). Production in China increased at 
a mean yearly rate of 6.0% between 1990 and 2010, with a per capita fish consumption of 35.1 kg in 
2010, compared to the global average consumption of 15.4 kg (FAO, 2014a). Developing countries, in 
general, registered lower per capita consumption levels although also with a sharp increase in per capita 
fish consumption from 5.2 kg in 1961 to 18.8 kg in 2013. Similarly, low-income food-deficit countries 
(LIFDCs) showed an increase from 3.5 kg to 7.6 kg over the same period, with these countries  mainly 
relying on the supply from small-scale production that is often seasonal in nature, whilst developing 
countries are also supplemented by importation experiencing 26.8 kg per capita consumption (FAO, 
2016b). 
 
1.3  An overview of aquaculture production in Africa 
Aquaculture is expected to contribute meaningfully towards improved food security, job creation and 
socio-economic growth on the African continent (FAO, 2015). When the availability of water and land 
resources in Africa are considered, up to 37% of its surface area is suitable for capture fisheries, and up 
to 43% suitable for culture-based fisheries production (Aguilar Manjarrez & Narh, 1998; Jamu et al., 
2003). Currently 48 countries in Sub-Saharan Africa are involved in aquaculture, mainly tilapia farming 
(Info fish, 2015). Per capita fish consumption in Africa is estimated at 8.9 kg compared to the rest of the 
world, which consumes on average 18.9 kg (Info fish 2015; FAO, 2014a). Egypt is the leading producer in 
Africa, producing 1.02 million tonnes per year, followed by Nigeria that produces 143 207 tonnes, 
Uganda producing 52 250 tonnes, Congo producing 3 689 tonnes, and South Africa producing 3 334 
tonnes (FAO, 2010; FAO, 2014a). 
 
The slower than expected rate of development of aquaculture in Africa compared to other continents 
can be ascribed to the fact that over 90% of aquaculture production occurs in rural areas on a non-
commercial scale (El-Sayed, 2006; FAO, 2014a; Fitzsimmons, 2015). Rural aquaculture production 
systems range from extensive- to semi-intensive culture systems. According to the FAO (2012), the rural 
non-commercialized aquaculture activities directly supply households, thus contributing to food 
security. However, development of aquaculture in these regions is hampered by poor infrastructure and 
a lack of technical experience of farmers, inadequate extension services and technical support, the lack 
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of essential services and supplies like raw materials for feeds, no access to credit, and a negative 
investment profile related to socio-political insatiability (Huisman,  1990; Harrison, 1991; Brummett & 
Williams, 2000; Hecht,  2000, ; Jamu & Brummett, 2004). 
 
Since 1998 and up to 2008, aquaculture production in Africa has increased by 19% (FAO, 2010). 
Important factors in this modest increase in production can be ascribed to a productive partnership 
established between the public and private sectors, capacity building and increased efforts to improve 
research and extension services, provision of financing to the farmers, and governments giving a higher 
priority status to aquaculture development.  
When the suitability of species is considered, tilapia is one of the preferred species, and is currently 
farmed with in more than 100 countries over the world (Fitzsimmons, 2010; FAO, 2012). The preference 
to use tilapia for culture  can be attributed to the species’ efficient use of natural and artificial feeds, 
resistance to diseases, ease of reproduction, tolerance to a wide range of environmental conditions, 
relative fast grow rate, and excellent meat quality (Teichert-Coddington et al, 1997; El-Sayed, 2006; Info 
fish, 2015). More than 70 tilapia species have been discovered in Africa, with 9 species including the Nile 
tilapia (Oreochromis niloticus), the Blue tilapia (Oreochromis aureus) and the Mozambique tilapia 
(Oreochromis mossambicus) being used for aquaculture (FAO, 2002).  Nile tilapia has since 
outperformed other species in terms of production, and is considered as an important trade commodity, 
accounting for 83% of total tilapia production (Fitzsimmons, 2013). Globally, tilapia production has 
increased from 28 000 tonnes in 1970 (Fitzsimmons, 2010) to 5.58 million tonnes in 2015 (Fitzsimmons, 
2015)  
 
Aquaculture production systems in Africa ranges from cages and ponds to tanks and raceways used in 
marine, brackish and freshwater environments. Freshwater aquaculture production systems are the 
most prevalent, contributing 95% of the total production that includes low-cost species such as tilapia, 
catfish and carp (FAO, 2010). Catfish production has benefitted significantly from the use in semi-
intensive and intensive systems over the past two decades (FAO, 2014a).  When Africa is considered, 
tilapia is the preferred culture species, with tilapia production exceeding more than one million tonnes 
per year, equal to 40%  of aquaculture production in Africa (FAO, 2014a). Tilapia in Africa is primarily 
produced in extensive farming systems predominantly by subsistence farmers in rural areas (FAO, 
2014a).  
 
Key to sustainable growth in the African aquaculture sector is private sector participation, adoption of 
adequate management strategies, improved quality of seed stock, the use of scientifically formulated 
diets, introduction of new production technologies, and the establishment of producers and marketing 
networks (FAO, 2010; FAO, 2010). The use of improved genotypes developed for specific production 
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conditions present a potential approach that subsistence farming can follow to optimise their 
production practices.  
 
 
1.4  Genetic development of aquaculture species 
The application and incorporation of genetic selection and related technologies has made a significant 
contribution to improved agriculture production through modern breeding approaches and on-farm 
selection techniques (Bentsen & Olesen, 2002). The production efficiency of genetically selected 
livestock species such as dairy cattle and poultry is often 3-5 times higher than the respective wild 
genotype (Gjedrem 1998 & Brink, 2004). Aquaculture species, when compared to livestock species, are 
considered to be undomesticated, with less than 10%  of production derived from genetically improved 
strains (Gjedrem, 2005). This lack of genetic improvement is contributing to the poor production and 
yields of aquaculture species, when compared to the gains reported in livestock and plants species 
(Eknath et al., 1991; Bentsen & Gjerde, 1994; Mair et al., 1997; Brummett et al.,  2004).  Figure 1.1 
indicates how fish species compare relatively to livestock species in terms of the realised benefits of 
genetic improvement. 
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Figure 1.1. A comparison of fish species with livestock species in terms of the contribution of genetic selection to 
improved production in the period from 1940 to 2000 (Fitzsimmons, 2014). 
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Common carp has the oldest record of domestication, with genetic improvement dating back to the 5th 
century BC (FAO, 2008a; FAO, 2008; Flajšhans et al., 2010). In the modern era, improved production of 
species such as Atlantic salmon (Salmo salar), channel catfish (Ictalurus punctatus) and rainbow trout 
(Oncorhynchus mykiss) was made possible  selective breeding programs (Mair et al., 1997). In Africa, 
most of the fish species used for farming are genetically undomesticated and often inferior to the wild 
genotypes as a result of small brood stock populations, poor genetic management of brood stock, and 
ignorance of the fish farmers of genetic factors such as inbreeding (Pullin & Capilli, 1988; Eknath et al., 
1991; Brummett, et al., 2004).  
 
Genetic improvement programmes (GIP) are developed to produce biologically viable fish species that 
grow faster, has an improved resistance to diseases, a high survival rate, an improved ability to 
efficiently utilize feeds, demonstrate adaptability to supplementary feeds, and ultimately yield a quality 
product. Genetic technologies that can assist in improving farmed fish species include selective 
breeding, hybridization and crossbreeding, chromosome set manipulation, sex control, transgenesis, 
genetic markers, and marker-assisted selection. According to Brink (2004), these technologies have 
significantly contributed to the development of superior strains with an improved performance, which 
contribute to maximizing production and thus reducing input cost in cultured species such as rainbow 
trout in South Africa. Similar results were reported for Atlantic salmon in Norway (Gjedrem, 1997), carp 
species (Cyprinus carpio) in Israel (Wohlfarth, Moav and Hulata, 1983; ICLARM, 2001), Pacific oyster 
(Crassostrea gigas) in France (Evans et al., 2004), Nile tilapia in Asia, the Akosobo strain in Ghana, and 
the Abbassa strain in Egypt (Eknath and Acosta, 1998).  
 
Of particular relevance is the genetically improved farmed Nile Tilapia (GIFT) strain developed at the 
International Centre for Living Aquatic Resources Management (ICLARM) World Fish Centre in the 
Philippines that demonstrated an 85 % increase in growth rate, a 10-15 % genetic gain in harvest weight, 
and an improved disease resistance following more than six generations of selections (Eknath et al., 
1993; Eknath and Acosta, 1998; Tian et al., 2001; Ponzoni et al., 2011). Other genetically improved 
Tilapia strains include GET-EXCEL (Tayamen, 2004), FaST (Bolivar, 1998), GenoMar Supreme Tilapia - GST 
(Zimmermann & Natividad, 2004) and Hainan Progift (Thodesen et al., 2013). 
 
The development of genetically improved strains has supported the rapid increase of tilapia production 
in the Asia-Pacific region. Apart from the development of the Akosobo Tilapia strain in Ghana and the 
Abbassa strain in Egypt, the introduction of improved genotypes into Africa has become more common 
during recent years. The latest addition is that of the GIFT strain (Eknath and Acosta, 1998; Eknath et al., 
2007), which subsequently has been distributed to over 100 countries, with a significant impact on food 
production and economic development and job creation (Eknath et al., 2007). 
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1.5 The interaction between genotypes and their immediate environment 
Breeding programmes designed to improve the production efficiency of various species are often 
implemented on an international scale due to the extent of resources required and the associated costs 
of such programs. The improved strains develop by such programmes are then  disseminated to areas 
where production conditions may differ significantly from those under which such strains were 
developed.  The interaction between a newly developed genotype (G) and its environment (E), also 
referred to as the GxE interaction, is a major factor to be considered in the propagation of improved 
species, for it can either positively or negatively affect the performance of species. The G×E can also be 
defined as the phenotypic (physical) effect of interactions between a genotype and its environment that 
determines the sensitivity of animals to varying environmental conditions. The phenotypic component 
can be exploited by selection to improve productivity of a specific genotype in relation to a particular 
environment. This kind of interaction requires a specific approach with regard to the selection of strains 
to the extent that use of the best combination of genotype and environment would permit more 
efficient animal production (Montaldo, 2001).   
 
Tilapia farming especially (O. niloticus) has emerged as an important sector within global aquaculture 
production, and the species has been characterised by significant genetic development over the past 
two decade (e.g. the GIFT strain) (Eknath et al., 1993). Tilapia production systems in Africa range from 
large scale commercial farming systems that are dependent on high levels of production input (i.e. 
supplementary feeds) although at a very minimal (10%) level, to subsistence farming systems that are 
characterised by low levels of production input (i.e. no supplementary feeding) . The development of 
genetically improved strains of tilapia is mainly driven by the need to improve growth and productivity 
in high-input farming systems. These improved strains are however also distributed to low-input 
systems where their performance may not be optimal. Presently in Africa the bulk of tilapia farming 
depends on unimproved breeds obtained from the wild that are produced on small scale, with 
production system ranging from reservoirs, ponds and tanks under a wide range of environment 
conditions and also without supplementary feeds. The introduction of genetically improved strains such 
as GIFT or other locally selected breeds into a diverse range of production systems and varying 
environmental conditions can result in the occurrence of GxE interaction.   
 
 The variation in performance of strains in response to different environments, i.e. G×E Interaction, is of 
major importance when considering dissemination of such improved strains to different users, for 
example small-scale farmers using low input systems compared to intensive farmers using high input 
systems. Cases of GxE has been reported in various aquaculture species including common carp 
(Gjedrem & Baranski, 2009; Moav & Wohlfarth, 1976), Atlantic salmon (Gunnes & Gjedrem, 1978) and 
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rainbow trout (Gunnes & Gjedrem, 1981). Gunnes & Gjedrem, (1978) observed non-significant GxE 
interaction in growth of Atlantic salmon (Salmo salar) with genetic correlation of 0.94 for body weight 
and 0.93 for length at Southern (610 30’N) and Northern (660 2’N) latitudes. Similarly, (Gunnes & 
Gjedrem, 1981) observed non-significant GxE interaction for growth traits in Rainbow  trout (O. mykiss) 
based on genetic correlations of 0.98 and phenotypic correlation of 0.88 between cages systems at 
Southern (620 7’N) and Northern (690 7’N) latitudes along the Norwegian coast. (Fishback et al., 2000) 
establish non–significant GxE interaction genetic correlation close to unity for growth of Rainbow trout 
(O. mykiss) at two different temperatures (8.50C and 150C). (Kause et al. 2003) found non-significant GxE 
interaction for growth trait in Rainbow trout (O. mykiss) in relation to a recirculating aquaculture system 
in Freshwater institute, West Virginia, a high-altitude farm in Peru and a cold-water farm in Germany. In 
the Common carp (C. carpio), (Moav, R., Hulata, G., & Wohlfarth, 1975) and (Gjedrem & Baranski, 2009) 
observed changes in the ranking order growth traits in relation to different pond systems, whilst 
(Gjedrem, 2005) reported significant GxE for growth traits for Common carp (C. carpio) in different pond 
systems   
 
Cost-efficient production Tilapia production in Sub-Saharan Africa is hampered by the fact that 
improved strains such as the GIFT strain, and  their progeny is expected to produce in e.g. in small-scale 
production systems where GxE may affect the performance of the selected animals when they are not 
capable of adapting to the new conditions (Montaldo, 2001). A large degree of GxE implies high 
adaptation of strains to a particular environment, while a small degree GxE indicates a good 
performance of strains over a wide range of environments. It has therefore become increasingly 
important to determine the optimal environmental conditions for the production of different Nile 
Tilapia strains (Charo-karisa, 2006).  
To date limited information is available on the degree of GxE expressed amongst Nile tilapia strains in 
Africa, although the species has developed into the most important warm water aquaculture species in 
many parts of the world (Pullin et al., 1997; Charo-karisa, 2006). Globally, including Africa, it is being 
farmed in a wide range of culture environments such as ponds, tanks, and cages, culture systems 
(extensive, semi-intensive and intensive) and agro-climatic environments (brackish, freshwater, tropical, 
sub-tropical, low & high temperate seasons).  
 
Where there is differentiation in the adaptability of different strains to different environments, such 
strains will have the ability to tolerate and adapt to  a wide variety of environmental conditions that 
could be an advantage in selective breeding activities (Gjedrem & Baranski, 2009a). Several studies on 
GxE for Nile tilapia in Asia including a wide range of systems and environments, reported a large 
variation in growth (Gunnes & Gjedrem, 1978; Gunnes & Gjedrem, 1981) and a significant genetic 
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correlation for growth (Eknath et al., 2007; Ponzoni et al., 2005; Khaw et al., 2009). In addition, studies 
on the influence of nutrition and environment on tilapia production was reported by El-Sayed (2006). 
 
This study is the first study to compare the performance of strains in High Energy (commercial feed) and 
Low Energy (Natural feed) systems, where in the latter system strains are exposed exclusively to 
duckweed (Lemna minor) feed without any access to alternative feedstuffs. Previous studies have 
evaluated the performance of strains in fertilised earthen ponds, where duckweed and other feed 
sources such as the phytoplankton and the zooplanktons are present. This study is distinct from other 
work in the sense that growth results are linked to proximate analysis of both treatments and feed 
types, as well as haematological analysis as indicators of stress related responses. In addition, biserial 
correlation analysis with respect to strains and treatments were utilised in an innovative manner as an 
indicator of GxE interaction.  
 
The subject of G×E is therefore very important in terms of the production of tilapia in Africa, seen 
especially against the background that Africa are home to a wide variety of wild non-domesticated 
genotypes of Nile tilapia (O. niloticus) that are adapted to their specific environments. A tool for 
promoting aquaculture development on this continent will be made possible by  the development of 
genetically improved strains (Pauly and Pullin, 1988), with such strains that need to be assessed in terms 
of growth and production performance under different culture environments (Khaw et al., 2009). 
 
1.6 Aims and objectives of the study 
The use of genetically improved material needs to be promoted to ensure and sustain the development 
of aquaculture in Africa. This implies that small-scale producers have access to improved strains, with 
most of these strains produced by centralized international breeding programs (Eknath et al., 2007; 
Khaw et al., 2009), which in part may potentially determine the suitability of such improved genotypes 
to the wide range of environments under which such strains are to be used in Africa. The phenomenon 
of GxE interaction is well understood and recognized, yet not widely applied and considered during the 
distribution of improved strains to support aquaculture development in Africa. 
 
The aims of the study are therefore to: 
 Develop a better understanding of the occurrence of GxE in relation to O. niloticus. 
 To assess the associated effects of GXE through the evaluation of different strains of O. niloticus 
under distinctly different production conditions. 
 To demonstrate the need for considering GxE as part of a broader strategy of disseminating 
genetically improved material amongst small-scale aquaculture producers in Africa. 
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The specific objectives were: 
 To characterize the growth performance, carcass characteristics and metabolic features of the 
different non-related tilapia strains under two distinctive nutritional regimes, namely a high-
input system based on the use of a balanced formulated diet and a low-input system based on 
the use of a natural diet (duckweed). 
 To describe the nature and extent of GxE observed under these conditions. 
 
Hypothesis: 
 H0: Nile tilapia (O. niloticus) strains DOES NOT demonstrate GxE interactions when cultured 
under different nutritional regimes.  
 H1: Nile tilapia (O. niloticus) strains DOES demonstrate GxE interactions when cultured under 
different nutritional regimes. 
The result from this study will serve as a guide to decision making with regards to the 
application of genetically improved strains of fish in subsistence/ low input farming systems in 
the absence of specific information regarding possible GxE interaction. Creating awareness 
among the stake holders on the importance of proper strain selection procedures & utilization 
ensuring sustainable production and promotion of aquaculture in Africa.  
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Chapter 2 
Literature Review 
2.1  Aquaculture development 
The aquaculture industry has established itself globally as the fastest growing food-producing sector 
that has the potential to supply in the growing demand for fish. Global aquaculture production has 
increased from 55.7 million tonnes to 73.8 million tonnes over the period of 2009 to 2014, compared to 
the limited increase of 90.2 million tonnes to 93.4 million tonnes from capture fisheries (FAO, 2016). 
Aquaculture is also significantly contributing to food security and poverty elevation in developing 
countries, under the auspice of Aquaculture for Food Security, Poverty Alleviation and Nutrition ( 
AFSPAN, 2015; FAO, 2016). 
For aquaculture to be able to meet the growing demand for affordable food, the industry will need to 
incorporate technologies such as genetic selection for improved production into management programs 
to optimize and ensure cost-efficient production. 
 
When genetic selection is considered, several studies reported on the significant contribution to 
increase the productivity of aquaculture species through improvement of growth rate, feed conversion, 
disease resistance and yield, whilst also contributing to environmental adaptation and reproduction 
control measures (FAO, 2011).  The approach, methodology, development and progress of genetic 
improvement in relation to various aquaculture species have been extensively reviewed by several 
authors (Gjedrem, 1997; Benzie, 1998; Knibb et al., 1998; McAndrew et al., 1999; Dunham et al., 2000 & 
Dunham, 2011). 
 
When aquaculture in developing countries including Africa is considered, production systems is mainly 
dependent on the use of wild genotypes. Genetic improvement programmes for aquaculture species in 
Africa is still in the early stages of development, and progress is often hampered by a lack of 
fundamental knowledge amongst producers of the management and development of aquatic genetic 
resources (FAO, 2011). When aquaculture species is considered, the potential genetic progress that can 
be achieved is tremendous, when compared to species such as cattle and sheep, with this progress 
made possible by external fertilization and high fecundity that allows for the mass collection of gametes 
and fertilization under controlled conditions  (McAndrew & Napier, 2010). 
 
2.1.1 Domestication of aquaculture species 
Genetic improvement programs play an integral role in the acceleration of the domestication of a 
species through selection for desirable traits such as fast growth or enhanced disease, which in turn will 
optimize the species’ performance under farming conditions (Vandeputt & Prunet, 2002). 
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According to Lush (1949), domestication of production animals can be defined as subjecting an animal’s 
growth and reproduction to a producer’s supervision, while using the products produced from the said 
species to the benefit of the producer. Later studies defined domestication as the ability of a group of 
animals becoming used to man and the restricted environment they are maintained in (Price, 1984), 
with this adaptation involving a process of genetic change where animals in captivity begin to adapt to 
this environment as a result of heritable changes in the frequency of alleles that favours an adaptation 
to the captive environment (Price, 2002). Selection affects the frequencies of alleles that governs 
desirable and undesirable traits without resulting in the formation of new alleles.    
 
The successes achieved with domestication and selective breeding in livestock species has paved the 
way for the introduction of similar breeding principles in aquaculture production systems. The 
development of domesticated and high-performing strains, however, are not as common in aquaculture 
as in terrestrial animals, which emphasize the need for the development of genetically improved strains 
in aquaculture (Bentsen & Olesen, 2002).  
 
When aquaculture species are compared to other livestock species, the lag experienced in terms of 
genetic progress is estimated to be eight hundred years (Liao & Huang, 2000). This lag in genetic 
progress can mainly be attributed to the historical abundant supply from capture-based fisheries up and 
to the 20th century when demand began to exceed supply, and which was further exacerbated by severe 
overfishing and unsustainable fishing practices. Domestication of aquatic animals is also hampered by a 
high fecundity rate and longevity of certain fish species, which implies that a relatively small broodstock 
population can produce sufficient numbers of progeny over successive generations (Liao et al., 2000; 
Gjedrem, 2005; Teletchea, 2015). The use of a small number of broodstock animals in a system that 
allow for random mating to occur during a number of generations inevitably results in an increased 
incidence of inbreeding and inbreeding depression, which manifest in reduced disease resistance and 
production performance. An approach of fish farmers, in an effort to address inbreeding and related 
consequences, is to revert to the sourcing of undomesticated broodstock from the wild, thus 
perpetuating the cycle of inbreeding that results in no genetic progress achieved in culture systems. 
 
The ability to reproduce fish in captivity together with the maintenance of genetic variation is 
considered to be instrumental in the domestication of aquatic species (Pullin  et al.,  1998). 
Domestication of aquaculture species is made possible by a closed life cycle and uniform culture 
conditions that are used in the production of several generations, resulting in the development of 
adapted genotypes. Domesticated animals maintained under uniform conditions demonstrate reduce 
stress levels and tend to perform more efficient whilst exhibiting more uniform growth, improved feed 
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conversion, an improved regulation of the age at which sexual maturation is achieved, and exhibition of 
desired behavioural traits (Johnsson, Jönsson & Björnsson, 1996; Gjedrem & Baranski, 2009). 
Domestication therefore enhances adaptation and represents a subtle form of selection that contributes 
towards genetic improvement. Domestication of a species can be accelerated by means artificial 
selection, such as in the case of Atlantic salmon (Salmo salar) in Norway. Selection for growth was 
implemented in the 1960s, and resulted in a subsequent improvement in growth rate of 2-6 % per 
generation (Dunham et al., 1983; FAO, 2008). 
 
Genetic improvement of aquatic species has however, demonstrated rapid genetic gains (5-15% per 
generation) based on the exploitation of high levels of genetic variability, hence heritability in economic 
traits, high fecundity that enhances selection intensity and artificial control of reproduction of fish 
species (Eknath et al., 1993). The most prominent results were achieved in species such as carp, salmon, 
trout, catfish and tilapia (Eknath et al., 1993; Pullin, 1996 & Eknath et al., 2007). 
 
2.1.2 Heritability of economic important traits 
The heritability of economic traits is a significant consideration in genetic improvement programs as 
genetic gain per generation is dependent on selection intensity (i), heritability (h2) and the phenotypic 
standard deviation (бp) (Gjedrem, Robinson & Rye, 2012). Heritability is a measure of ratio of total 
phenotypic variation that is caused by heritable (additive) genetic factors, and is a primary determinant 
of the rate of improvement that can be achieved, whist it also plays a role in the determination of 
genetic correlations between traits (Falconer & Mackay, 1996). 
  
Heritability can be expressed as either broad or narrow sense heritability. Broad sense heritability that 
refers to the ratio of the total genetic variance (Ϭ2G) over the total phenotypic variance (Ϭ2P), i.e. H2B   = 
Ϭ2G / Ϭ2P and is characterized by the presence of dominance and epistatic effects that may not respond 
to selection. Narrow sense heritability refers to the ratio of the additive genetic variation (Ϭ2A)over the 
total phenotypic variance (Ϭ2P), i.e. h2b   = Ϭ2A / ϬP2, and is characterized by only additive genetic variance 
that does respond directly to selection (Gjedrem, 2005). Heritability, therefore, stands central to the 
prediction of response to selection thereby genetic improvement of fish species. High heritability is 
related to high additive genetic variance and a reduced environmental impact on such traits that 
equates to higher response to selection, as appose to lower heritability related to higher environmental 
influence and a reduced response to selection (Gjedrem, 2005). McAndrew & Napier (2010) also 
postulated that the prospective improvement of traits is dependent on the additive genetic variation 
that occurred at the beginnabing of selection and how long it can be maintained. 
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Several fundamental studies conducted on the estimation of the heritability of production traits such as 
growth rate, body weight, yield, disease resistance, and cold tolerance in a wide range of species 
including as Rainbow trout, Atlantic salmon, Coho salmon, Chinook salmon, common carp, Rohu carp, 
catfish, shrimp, arctic char, turbot and tilapia. Gjedrem (2000) reported on the heritability of production 
traits in salmonids ranging from 0.1 - 0.3, whilst Vandeputte et al. (2004) reported on values for body 
weight in common carp ranging 0.33 - 0.40. A summary of heritability estimates of traits for Tilapia 
species is presented in Table 1. 
 
Table 1. A summary of heritability estimates of production traits for tilapia species (O.niloticus). 
 
 
2.2 Genetic improvement strategies  
Genetic selection is a technique that has contributed substantially to the progress and development 
recorded in animal and plant production over decades (FAO, 1998). Genetic selection is a means of 
improving and refining the potential of viable traits such as e.g. growth rate, survival, feed conversion, 
stress to promote efficient production, efficient use of food thus reducing wastage, increasing profit 
margins and ensuring  long-term sustainability in aquaculture (FAO, 1997). In the face of an increase in 
the demand for animal food protein, genetic improvement of aquatic species presents a possible 
solution, which to date has been considered to be underexploited due to the utilization of wild 
genotypes (Charo, 2006).  
 
When compared to the livestock industries, genetic improvement has made significant contributions to 
improved productivity with reported increase in meat yield and FCR in poultry of more than 300 percent 
in the last four decades (Havenstein, Ferket & Qureshi, 2003). Genetic improvement programs for 
aquatic species has the capacity to displayed even higher levels of improvement per generation ranging 
between 20 - 35 percent, compared to the 7 - 10 percent achieved in domesticated livestock (Na-Nakorn 
Trait h2 Authors 
Body Weight:   
90 day weight, g 
90 day weight, g 
98-day weight, g 
16 week, weight, g 
Body weight – cages 
Body weight - ponds 
0.04 
0.23 
0.32 
0.55 
0.30 
0.39 
(Tave & Smitherman, 1980)  
(Eknath et al.,  1998) 
(Jarimopas, 1990) 
(Bolivar & Newkirk, 2002) 
(Ponzoni et al.,  2005) 
(Pondzoni et al., 2005) 
   
Survival, % 0.20 (Gall & Bakar, 2002) 
   
Yield, % 0.08 (Eknath et al., 1998) 
 0.12 (Rutten et al., 2005) 
Reproduction:   
Fecundity traits 
Fertility traits 
 
Feed conversion 
0.52 - 0.08 
0.06 - 0.12 
 
0.52 - 0.59 
(Trong et al.,  2013) 
Trong et al., 2013) 
 
(Thoa et al., , 2016).  
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et al.,  2015). Fish species that have been improved since inception of genetic improvement programs 
include common carp, Rainbow trout, Atlantic salmon, channel catfish and tilapia (McAndrew & Napier, 
2010). There is still however, tremendous scope for genetic gains in aquatic species.  
 
A sustainable supply of fisheries products from aquaculture therefore has to be based on the use of 
genetically improved strains with enhanced growth, disease resistance, efficient utilization of feed and 
adaptability to a range of culturing conditions (Bentsen & Olesen, 2002; Gjedrem & Baranski, 2009). The 
general importance of genetic improvement in aquaculture production in this millennium is confirmed 
by various authors (Kinghorn, 1983; Refstie, 1990; Gall, 1990; Gjeren & Bentsen, 1997; Gjedrem, 2000;  
Knibb, 2000; Hulata, 2001;; Fjalestad, Moen & Gomez-Raya, 2003; Charo-karisa, 2006; Gjedrem & 
Kolstad, 2012; Lind, Ponzoni, Nguyen & Khaw, 2012). Elliott (2000) reported on two ways in which fish 
production can be improved, i.e. through genetic and environmental modification, in addition to 
economic factors such as through improved economies of scale, i.e. farm size. Environmental 
modification refers to improvement management and husbandry practices, nutrition and health 
management that has brought about significant increases in production (FAO, 2015). Genetic 
modification refers to the improvement of undomesticated species though the manipulation of 
biological abilities and attributes. 
 
 The common carp (C. carpio) was the first fish species to be domesticated in China about 2000 years 
ago (FAO, 2014). In the 1970s, selective breeding became common practice in salmon and trout in 
Norway, oysters in Europe, and catfish in the USA. A genetic gain of 10 percent in growth rate of Atlantic 
salmon was reported along with a three percent change in age at sexual maturation (Gjerde & Olsen, 
1990). (Gjerde et al.,  2007) estimated an increased economic gain of over 100 percent for Atlantic 
salmon could be attributed to genetic improvement (Gjedrem & Baranski, 2009). 
 
Various authors reported on genetic improvement of the Nile tilapia (O. niloticus) in relation to cold 
tolerance, growth rate, disease resistance and survival rate (Eknath et al., 1993) in relation to the GIFT 
strain, (Eknath and Acosta, 1998; Bolivar, 1998; Tayamen, 2004) on GenoMar Supreme Tilapia (GST), 
(Zimmermann & Natividad, 2004), (Ponzoni et al., 2011; Thodesen et al.,  2013) .A particular success 
story is the development of the GIFT strain of Nile tilapia at the World Fish Center in the Philippines 
(Eknath and Acosta, 1998) with a cumulative improvement in growth rate of 85 percent (Ponzoni et al.,  
2011; (Ponzoni et al., 2010) and the subsequent increase in total production from 970 756 million 
tonnes in 2000 to 3 436 526 million tonnes in 2013 (FAO, 2015). 
 
The use of unimproved broodstock sourced from wild populations is still a common practice though in 
aquaculture production, particularly in developing countries such as Africa (Brummett et al., 2004;  
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McAndrew & Napier, 2010). These genotypes are less productive in terms of key production traits such 
as growth rate, survival, yield and feed conversion (Brink, 2004). This has motivated fish producers to 
adopt similar methods of genetic improvement as for the domestication of livestock such as poultry, 
sheep, cattle, pigs, etc. (Gjedrem, 1992; Eknath et al. 1993b; McAndrew et al., 1988 ;Bentsen & Olesen, 
2002). 
 
Several improvement strategies can be considered such as selective breeding, hybridization and 
crossbreeding, chromosome sex manipulation, sex control, genetic marker and marker-assisted 
selection, which have been applied to achieve genetic improvement of aquatic species. 
 
2.2.1 Selective breeding 
Selective breeding is aimed at the improvement of economic important traits such as growth, yield, 
quality and efficient utilization of feed to ensure cost effective and sustainable production (Rye, 2012). 
The methodology depends on the identification of parent stocks with high additive genetic variance for 
a desired phenotype or trait, selected to produce successive generations of offspring with improved 
performance (Gjedrem & Baranski, 2009). It is recommended for selective breeding to start from the 
basis of evaluation and selection of superior genotypes which are known to genetically vary from each 
other and are free from inbreeding which can impair improvement programs (Teichert-Coddington &  
Smitherman, 1988; Huang & Liao, 1990; Ponzoni, Nguyen & Khaw, 2007). A selective breeding program 
also requires that the life cycle of the fish is closed and that reproduction can be controlled to facilitate 
the introduction of selective breeding methods. Genetic gain from selective breeding can be sustained 
for a prolonged period by ensuring a founding parent stock with high and thereafter well-maintained 
levels of additive genetic variance. 
 
Response to selection (R) is governed by the following parameters: 
R = (i.h2.ϬP))/L (Gjedrem, 2005) 
with: 
R  =  response per generation 
i  =  selection intensity 
h2  = heritability 
ϬP  =  phenotypic standard deviation 
L = generation interval 
 
The heritability of different traits are determined by the proportion of phenotypic variance (Ϭ2P) of traits 
contributed by additive genetic variance (Ϭ2A) and reflects the potential for generating a response to 
selection for such traits (Gjedrem, 2005; FAO, 2008). Heritability values between 0.15 - 0.5 is indicative 
Stellenbosch University  https://scholar.sun.ac.za
18 
 
of a high degree of responsiveness of such traits to selection (Gjedrem, 2005). The high relative 
fecundity of fish species also provides for high levels of selection intensity (i>2ϬP) to be obtained, 
compared to other livestock. The generation interval (L) of fish species varies with that of warm water 
species to be in the range of 6 months to two years. The favourable range of these parameters for most 
aquaculture species and traits under consideration is fundamental to the positive results obtained with 
selective breeding. 
 
Growth rate is considered as a trait of major importance in aquaculture species that also interrelated to 
other traits such as feed conversion and survival rate (Gjedrem & Baranski, 2009). Improvement in 
growth rate and related traits enables efficient utilization of both fixed (land and water) and recurrent 
inputs (feed and labour). Selective breeding of aquaculture species has recorded substantial 
improvements in traits such growth rate with genetic gain of 14 percent per generation for six 
generations recorded in Atlantic salmon (Gjerde & Korsvoll, 1999). These responses correlate with 
improvements in growth rate of 12 - 15 percent of Atlantic salmon reported by (Gjerde, 1986) and 
(O’Flynn, Bailey & Friars, 1999), 10 - 13 percent for Rainbow trout (Kincaid, Bridges & Limbach, 1997; 
Gjerde, 1986), 10-15 percent Coho salmon (Hershberger et al.,  1990), 27 – 31 percent per generation 
for Rohu for Carp (Mahapatra et al.,  2004) 12 - 20 percent for Channel catfish  (Bondari, 1983; Donate 
et al.,  2007; (Dunham, 2006). With regard to Tilapia species (Maluwa & Gjerde, 2006) reported 6.6 
percent genetic gain in growth rate of Oreochromis shiranus per generation, whilst up to 85 percent 
improvement in the growth rate of Nile tilapia (O. niloticus), the GIFT strain in particular (Eknath et al. 
1993; Eknath and Acosta 1998;  Bolivar, 1998; Eknath et al., 2007; Rye & Eknath, 1999). Other Tilapia 
species include the Akosombo and Abbassa strains, for which 10 – 15 percent improved growth rate 
have been reported (Ofori et al.,  2009). 
 
Significant genetic responses for resistance to diseases up to 29 percent has been reported for Atlantic 
salmon (Gjedrem & Baranski, 2009; Gjedrem & Gjeen, 1995; Gjøen, Refstie, Ulla & Gjerde, 1997; Norris, 
Foyle & Ratcliff, 2008; Ødegård, Baranski, Gjerde & Gjedrem, 2011; Wetten, Aasmundstad, Kjøglum & 
Storset, 2007), disease resistance in Rainbow trout (Okamoto et al. 1993; Henryon et al. 2005; Johnson 
et al. 2008)  growth and survival rate and  of 4.3 percent, positive response in Coho salmon (Myers et al.,  
2001), Atlantic cod (Kettunen et al., 2007) and rohu carp with 29.6 percent per generation (Mahapatra 
et al., 2004). With regard to Nile tilapia (O. niloticus) (Eknath and Acosta 1998), reported a 46 percent 
improvement in survival rate of the GIFT strain. These improvements have made a significant 
contribution to the growth of the respective sectors. 
 
There are different methods of selection practiced in aquaculture range from individual selection to 
advanced marker assisted selection (MAS) that will be discussed in the subsequent sections. 
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Individual selection 
Individual or mass selection is often a preferred and less complicated approach with growth rate as a 
primary trait of focus. Selection is done by identifying desirable traits on the basis of individual 
phenotypic performance, for example weight or length, with individuals selected and utilized as 
broodstock over successive generations. The method is however prone to cumulative levels of 
inbreeding if precautions are not made to ensure that an effective population size is maintained, as well 
as the prevention of related mating that could lead to a rapid decline in genetic variation. The method is 
effective where the heritability of the trait is moderate to high. 
 
Family selection 
This form of selection is capital intensive in that it involves maintaining a large number of families that in 
turn requires large numbers of rearing units, thus high infrastructure costs. It is based on ranking of the 
family groups; i.e. the best performing families based on traits of interest are finally selected to serve as 
the broodstock for the next generation. It is most effective for traits with low heritability. Family 
selection can differentiate into within-family selection where individuals within each family who exhibit 
superior traits are selected or between-family selection where the best performing families are chosen 
as a whole (Gjedrem & Baranski, 2009). 
 
Combined selection 
This is often the most efficient method of selection over a wide range of heritability values as it 
incorporates the performance of individual and family members in assessing an individual’s breeding 
value. The method has specific requirements in terms of the ability to identify individuals and families 
and as well as the processing of larger data sets. Genetic gain through this method can however, be 10 
to 30 percent more efficient than that of mass and family selection. 
 
This method was used to develop the GIFT (O. niloticus) strain at the World Fish Center in the 
Philippines. A total of four local breeds from Africa and four domesticated breeds from Asia was 
incorporated into the program to establish the base population, with improved growth rates of 12 to 17 
percent per generation over five generations that were achieved (Eknath et al. 1993; Eknath and Acosta 
1998; Ponzoni et al., 2007). Two other examples are that of improved growth of Jayanti Rohu (Labeo 
rohita) in India with a genetic gain of 17 percent per generation over five generations of selection 
(Reddy, 1999; Mahapatra et al., 2004; Ponzoni et al., 2006) and the Tilapia (O. shiranus) as a local breed 
in Malawi, with significant genetic improvement in growth of 13 percent over two generations of 
selection (Maluwa & Gjerde, 2006).  
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Marker assisted selection (MAS) 
This form of selection depends on the use of molecular genetic markers linked to Quantitative Trait Loci 
(QTLs) affecting important traits under selection (Gjedrem et al., 2009). It involves the mapping of the 
phenotypic and genotypic characteristics of the proposed founding stock through the application of 
genetic molecular markers in association with the location of genes (traits) aimed at the identification of 
the superior broodstock. It enables selection based on genotypic information. The different genetic 
markers employed in aquaculture for genetic improvement are mitochondrial polymorphisms (Hamm et 
al., 2000), restriction fragment length polymorphisms (RFLPs) (Lander and Botstein, 1989); random 
amplified polymorphic DNA (RAPDs) (Huang, Peakall & Hanna, 2000) repeat sequent markers 
(Microsatellites) (Schlotterer, 2000; Hara & Sekino, 2005), amplified fragment length polymorphisms 
(AFLPs)  (Vos et al., 1995; Li & Guo, 2004) and single nucleotide polymorphisms (SNPs)  (Moen et al., 
2008). The most applied genetic markers in aquaculture are microsatellites and SNPs. All these marker 
systems are applied in order to create useful data that can show differences in the genetic makeup of 
the different fish populations, often linked to phenotypic performance (e.g. QTL’s), and have their 
advantages based on the application. Microsatellite markers has been reported to be easily repeated 
and without error and is particularly efficient in strain analysis and genetic mapping. The application of 
MAS techniques in genetic improvement of Tilapia is still limited and in initial stages of development. A 
constraint associated with MAS is that it is capital intensive and slow to develop. 
 
2.2.2 Hybridization and crossbreeding 
Apart from selective breeding practices, hybridization and crossbreeding are commonly utilized in plant 
and animal breeding programs with the purpose to combine favourable characteristics. Crossbreeding 
can also be applied to eliminate inbreeding in a population, although it is not commonly used in aquatic 
animals (Gjedrem, 2005). Hybridization and crossbreeding lead to an increase in average heterozygosity, 
thereby suppressing the expression of recessive alleles leading to a general improvement in fitness 
(hybrid vigor) in the successive generation (Gjedrem, 2005). Hybridization is the mating of the 
individuals from two different species, i.e. inter-specific breeding, while crossbreeding refers to the 
mating genetically unrelated brood stock of the same species, i.e. intra-specific breeding (FAO, 2008). 
Both methods are adopted with the purpose of exploiting possible non-additive genetic variance (hybrid 
vigour) in the progeny. Positive heterosis is where the hybrid performs better than either of the parent 
stocks, though with its impact only felt in the first generation. 
 
The shortcoming associated with hybridization is the introgression of the hybrids back to the form of the 
original parental stock affecting the performance of the hybrid progeny (FAO, 2008). The level of hybrid 
vigour tend to reduce from the F1 to the F2 generation that require for the hybridization/crossbreeding 
program to be maintained in the form of repeated mating of the original broodstock. 
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Interspecific hybridization has proved to be useful in the improvement of some traits in an aquatic 
species such as flesh quality, sterility, growth rate, sex ratios, disease resistance and tolerance to 
adverse environmental conditions (FAO, 2014). Reputable contributions have been recorded such as the 
hybrid between Silver carp and Big head carp that demonstrated higher survival and yield than the 
parental stock (Issa et al., 1986) (Hulata, 2001). Sunshine bass as a hybrid between a White bass female 
and Striped bass male exhibited higher growth rate and tolerance to culture conditions compared to the 
parents species (Hulata, 2001). Hybrids of O. aureus x O. spilurus and O. mossambicus x O. niloticus also 
demonstrated improved performance in body weight of 22 and 25 percent respectively. The hybrid of 
O. niloticus and O. mossambicus was found to exhibit a greater level of salinity tolerance than the 
normal O. niloticus (Tayamen et al., 2002; Gjedrem, 2005). Hybridization has also been used to produce 
all-male tilapia which was reported to have an improved growth performance compared to mixed sex 
populations (Pruginin, 1975). 
 
Crossbreeding of Common carp in Israel (Moav, Hulata  & Wohlfarth, 1975) and in Hungary (Bakos, 
1979; Bakos & Gorda, 1995) recorded significant increases in growth rate of 20 percent over that of the 
parent stocks. Crossbreeding of catfish led to an increase in growth rate of 55 percent (Dunham & 
Smitherman, 1983) 22 percent in rainbow trout (Dunham, 1996; Dunham et al, 2000). Crossbreeding of 
O. niloticus x O. aureus has been found to enhance cold tolerance and produced all-male sex (Hulata et 
al., 1993). Both hybridization and crossbreeding have become restricted practices to modern 
environmental and biodiversity regulations. 
 
2.2.3 Gender manipulation 
The practise of monosex culture has become a matter of interest in fish production as it promote 
increased growth rate, uniform harvest size and eliminate prolific reproduction. The objective is the 
production of monosex populations, either all-male or all-female and in some cases sterile genotypes, to 
unlock the benefits of the preferred sex. Such benefits include faster growth, superior yield and quality, 
to regulate precocious breeding as in the case of Tilapia species and preventing overpopulation of 
production systems. Monosex or sterile populations improve productivity in aquaculture as the energy 
acquired for reproduction is directed towards somatic growth. Induction of androgenesis or gynogenesis 
has been applied together with thermal (Ponzoni et al., 2008; Ponzoni, 2008), hormonal and genetic sex 
reversal in salmon, trout, carps and tilapias (Dunham, 1996; Dunham et al., 2000). Super-male 
technology (YY-male) have been developed in Nile tilapia, salmonids and channel catfish but are applied 
only in a limited scale (Mair et al., 1991; Dunham et al. 2000). 
Tilapia species, in particular, are prone to precocious breeding as they are inclined to reproduce freely 
under a wide range of environmental conditions (Tsadik & Bart, 2007). In order to curb the ease of 
Stellenbosch University  https://scholar.sun.ac.za
22 
 
reproduction that lead to overpopulation and stunted growth, monosex culture is adviced to enhance 
productivity. According to (Mair & Little, 1991) male monosex tilapia culture are preferred over females 
because they grow faster and to a larger size with more metabolic energy being geared towards growth 
instead of gonadal development.  
 
The following sex reversal methods have been adopted in Tilapia culture to obtain   monosex male 
population including manual sexing, hybridization, thermal treatment, the use of hormone (17α 
methyltestosterone), pH control and endocrine disrupting phytochemicals present for example in  
pawpaw seed. The most commonly practiced methods remain that of early treatment of fry with 17α 
methyltestosterone. The use of the YY-male technology as reported by Mair & Little (1991) is showing 
promise, though without wider uptake to date . 
 
2.2.4 Chromosome set manipulation (CSM) 
Chromosome Set Manipulation refers to the disruption of the embryonic cell division processes through 
physical (pressure, temperature) or chemical treatment protocols to produce individuals with a multiple 
(triploid, tetraploid, polyploid) sets of chromosomes. Triploid (3n) genotypes display phenotypic sterility 
thereby directing metabolic energy towards somatic growth. Induction of triploidy has found 
commercial application in the production of salmon, trout, oysters and channel catfish. Improved 
performance has been reported in triploid oyster (Grosostria gigas) in relation to growth rate and flesh 
quality (Allen et al., 1986; Guo et al., 1989) and triploid bivalves (shellfish) compared to the diploid 
genotypes (FAO, 2008). Half of the production oysters in the USA and France are currently based on 
triploid genotypes (FAO, 2008).  
 
The cross of diploid x tetraploid genotypes can also result in triploid individuals. Triploid (3n) fish possess 
three complete sets of chromosomes, which results in sterility, which is considered as a viable 
proposition in commercial production because the fish’s energy reserves are directed towards somatic 
growth and not towards reproduction. An FAO report have shown that triploid induction has improved 
the performance of oyster in relation to growth rate and flesh quality, with triploid bivalves (shell fish) 
performing better than diploid bivalves (FAO, 2008). 
 
In tilapia culture polyploidy and gynogenesis have been more frequently utilized to progeny to produce 
single sex progeny, though the techniques have not recorded 100 percent sex reversal and it requires 
the availability of large number of eggs for treatment, which are a constraint to its commercial 
application (Gupta & Acosta, 2004). 
 
2.2.5 Genetically modified organisms (GMOs) 
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Genetically modified organisms refers to fish in which the genetic material has been artificially altered 
through gene or cell technologies. In some cases, genetic material is isolated from one organism to 
beincorporated into another organism, referred to transgenic fish (FAO, 2008). The technique has not 
gain wide commercial application in aquaculture due to perceived environmental risks and low 
consumer acceptance. GMO products has been developed in Atlantic salmon with growth rates up to 
four times faster than non-transgenic fish (Fletcher & Davies, 1991) as well as in oysters (Melamed et al., 
2002), carp (Hinits & Moav, 1999) and Tilapia (Martínez et al., 1999) with growth up to 30 times that of 
non-transgenic  tilapia. The technique hold potential for future use in aquaculture as demonstrated in 
various field crops, including the aspect of consumer acceptance.  
 
In general, due to feasibility and profitability of the abovementioned techniques comes the gradual 
impact of the applications of these methods in aquaculture. Although the sector is making progress in 
relation to genetic improvement but it will take many years of effort before aquaculture can achieve the 
prospect of genetic selection as in livestock and crops today. Genetic improvement of fish species has a 
significant role to play to raise aquaculture production. The most effective, safe and easily accepted 
method of selection that has really contributed to growth of fish species is selective breeding (FAO, 
1997). 
 
2.3 Genotype x environment interaction 
Knowledge of Genotype x Environment Interaction (GxE) within the context of genetic improvement of 
aquaculture species is becoming increasingly important in terms of quantifying selective breeding 
objectives and maximizing the genetic gain and the adaptability of the selected genotypes. The current 
focus is for genetic improvement programs to be conducted on an international basis, through the 
development of strains for application over a wide range of environments. Such genetic improvement 
programs are usually carried out under intensive culture conditions and a range of productions systems 
including ponds, tanks and cages. Genotypes stemming from selective breeding programs are often 
widely distributed to other environments different from those under where the fish are selected, with 
the expectation of improved production performances to be maintained. In a situation where the 
environmental conditions under which the improved genotypes are to be produced varies greatly, the 
expected production performances can be affected by G×E interactions (Khaw et al., 2009). 
 
Genotype x Environment interaction (GxE) refers to the phenotypic (physical) effect of interactions 
between the genotype and the environment. It can be defined as a change in the relative performance 
of two or more genotypes measured in two or more environments (Bowman & Genotype, 1972). The 
GxE interaction is defined as an additional variation due to the joint effects of the genotype and 
environment not predictable from their separate average effects (Dickerson, 1962).  The variation in 
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performances of genotypes under different environments reveals the degree of GxE interaction and 
genetic potential in relation to the environments. This could be observed as optimal performance of a 
genotype in one environment and less optimal in another (Mulder & Bijma, 2005). The magnitude and 
the nature of interaction between genotypes and environment can influence the success of breeding 
programs through effecting the realized genetic gain. Information regarding GxE should therefore form 
part of decision making in breeding programs in relation to a rational choice of robust genotypes and to 
maximize improved production in all types of environments. It is important for the preservation of 
genetic gain in selective breeding and the enhancement of performance of selected traits under given 
conditions to consider the presence of GxE interaction (Montaldo, 2001).s 
 
Some of the earliest references to GxE are observed in work of Haldene (1936; 1946) in which he 
postulated a classification of the differences in performance of different genotypes in different 
environments in relation to the magnitude of such differences. Hammond (1947) proposed that 
selection should nevertheless be conducted in the most suitable environment in order to optimize 
selection response. He proposed that an expression of a desired trait under favourable conditions will 
maximize the response in the trait under selection, and the transfer of such improved trait to a less 
favourable condition would result in higher level of performance than when it is selected under a less 
favourable conditions. (McBride, 1958) refined the earlier classification of Haldane (1946) in terms of 
intra- and inter-populations, and micro- and macro-environments. These classifications were however 
not considered as comprehensive and useful in relation to decision making within selective breeding 
programs (Bowman, 1972). 
 
Falconer (1952) referred to the complexity involve in the choice of environmental conditions during the 
selective breeding of animals to which the genetic theory did not provide sufficient solution at the time. 
The complexity was that of whether the selection of a genotype under production conditions will 
enhance better result than for selection under favourable or optimal conditions. Falconer (1952) argued 
that favourable performance in one environment has a different genetic basis from performance in 
another environment. He therefore proposed that the same phenotype expressed in two different 
environments should be considered as genetically different traits, so that the level of G×E interaction 
can be quantified on the basis of the genetic correlation between the expressions of these traits in both 
environments. This approach allows for differentiation between the effects of more extreme or less 
extreme conditions on GxE. His approach was supported by (Khaw et al., 2012). The use of genetic 
correlation was however limited to the assessment of two environments only and the general 
complexity regarding the choice of environmental conditions under which selection ought to be 
conducted remained. Bowman & Genotype (1972) supported Falconer (1952) theory that every 
interpretation of genetic analyses and results of selection programs involving the measurements of 
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traits and genotypes in different environments should not to be considered as a single trait except if 
there are clear evidence that they are the same. 
 
GxE can be quantified in terms of an analysis of change in the components of variance over 
environments, an assessment of genetic correlations between traits over environments and a pattern 
analysis (Cooper & Delacy, 1994). The three conventional interpretations of GxE as defined by Bowman 
& Genotype (1972) is presented  by Figure 2.1.  
 
 
Figure 2.1 a) Re-ranking of genotypes without change in variance, (b) No change in rank order of genotypes though 
with change in variance. (c) Re-ranking of genotypes with a change in variance and (Adopted from Bowman & 
Genotype, 1972) 
 
A genetic correlation of 1.0 indicates an absence of GxE where the same alleles contribute proportional 
to the phenotypic value of trait display in a given environment (Cooper & Delacy, 1994). Robertson 
(1959) built onto the interpretation of Falconer (1952) and quantified GxE interaction in terms of the 
genetic correlation between such traits over environments and considered it to be significant at a value 
lower than 0.8.  Genetic correlation involves the measurement of variation in performances of 
genotypes in different environments (Dickerson, 1962) and is postulated to be based on linkage and 
pleiotropy associated with traits in the same genotypes over environments (Falconer, 1952; Bowman & 
Genotype, 1972; Gjedrem, et al., 2009). Linkage is referred to as an association between two or more 
genes on a chromosome that tends to cause the characteristics determined by these genes to be 
inherited as an inseparable unit whilst pleiotropy is the influence of one gene responsible for more than 
one phenotypic characteristic.                                                                                
 
Falconer & Mackay (1996) and  Lynch & Walsh (1998) both proposed that the impact of GxE interaction 
can be quantified in terms of re-ranking and the heterogeneity of the genetic variances across the 
different environments. (Sae-Lim et al., 2010) described GxE interactions in terms of a scaling effect and 
re-ranking. A scaling effect refers to the quantitative difference of genetic variation of a particular 
genotype in two environments whilst re-ranking refers the changes in rank order of genotypes across 
different environments (Mulder & Bijma, 2005). If an Improved species do not have an ability to adapt, it 
can result to re-ranking and a lack of tolerance to change under environmental conditions, thus 
requiring the-evaluation of the performance of such strains in different culture environments (Khaw et 
Stellenbosch University  https://scholar.sun.ac.za
26 
 
al. 2009). Such changes in rank order and variances could occur separately or together. However, when 
variation between genotypes in extreme environments does not lead to re-ranking it can be regarded as 
insignificant in terms of a breeding program (Gjedrem et al., 2005). GxE is therefore mainly associated 
with changes in genetic, environmental and phenotypic variance that may bring about changes in rank 
order of genotypes between environments (Bowman & Genotype, 1972; Falconer & Mackay, 1996 ; 
Gjedrem, 2005a ; Mulder & Bijma, 2005). Mulder & Bijma (2005) also reported on the influence of GxE 
interaction on the within a breeding program and the need to quantify its influence on genetic gain. 
 
Heterogeneity of variance and correlation among genotypic performance in the different environments 
can be quantified by statistical analysis of GxE through a standard ANOVA (Muir et al., 1992).  
Heterogeneity of genetic variance had been well documented for Atlantic salmon, rainbow trout and a 
lesser extent for Atlantic cod, while the genetic correlation between several traits (phenotypic) can be 
altered from one environment to another, ranging from weak to moderate to strong GxE interaction 
(Fishback et al., 2000; Pierce et al., 2008). Another approach is the concept of stability that explains the 
insensitivity of a genotype to environmental influences whereby genotypes (strains) are considered as a 
fixed effect in a linear model and the environments as random effects (Montaldo, 2001). Stable 
genotypes will experience less steep regressions across different environments compared to non-stable 
genotypes (Eberhart & Russel, 1966; Muir et al., 1992; Lynch & Walsh, 1998). This approach is very 
useful in the selection of genotypes that are more adapted to extreme conditions, preserving those 
genotypes that perform well in low and high quality environments for breeding. G×E Interaction can be 
ascribed to sensitivity of animals in relation to variation in environmental conditions (Swan, Thompson 
& Ward, 2007). 
 
The interaction variance (VI) is a component of phenotypic variance that can be exploited in breeding 
programs breeding. It occurs because of the different expression of some of the alleles responsible for 
the production in different environments, mathematically expressed as: 
VP=VG + VE + VI    (Dunham, 2000a)  
where VP = Phenotypic variance 
VG =Genetic variance 
VE =Environmental variance 
VI =Interaction variance 
 
A general observation with regard to aquatic organisms is that GxE increases with an increase in genetic 
distance between the genotypes and over a wider range of environments (Falconer & Mackay, 1996). 
Gjedrem (2005) and James (2008) emphasized that every breeding program should be assessed 
separately in relation to possible GxE interaction. Low GxE for growth traits (rg =0.73 to 0.85) was 
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reported for GIFT tilapia and for harvest weight in Nile tilapia (rg = 0.63 to 0.95) resulting in moderate to 
insignificant re-ranking of genotypes (Khaw et al., 2012). Moav et al. (1975) reported on change in rank 
order of the growth performance of 12 different strains of common carp cultured in five different pond 
systems.  Significant GxE for growth rate were recorded for Common carp and European sea bass whilst 
there was non-significant GxE for body weight recorded in European sea bass (Moav et al., 1975; 
Dupont-Nivet et al., 2008). Significant G×E interaction in the form of large scale re-ranking in growth 
were reported in selected Israeli Common carp genotypes (Gjedrem & Baranski, 2009). 
 
These interactions occurs because some of the alleles responsible for the production of a phenotype are 
expressed differently in different environment which is expressed mathematically as Vp =Vg+Ve+Vi 
(Gjedrem & Baranski, 2009). Influence of G ×E may affect the viability of the breeding program by 
reducing the performance trait of such animals when there is a change of environment, it can also affect 
the ability of the selected animal to adapt to a different environment, thus reducing the economic 
performance of the selected animals 
 
Several studies have been conducted in the Philippines investigated G×E interaction for growth rate of 
Nile tilapia over seven culture systems including ponds and cages (Ponzoni et al., 2005; Eknath et al., 
2007; Khaw et al., 2009). Overall genetic correlations (rg) ranged from 0.36 to 0.99 over all pond 
systems. Genetic correlations amongst the cage system were high at 0.99 indicating no significant GxE, 
whilst that of the pond systems ranged from 0.76 to 0.99 also indicative of lesser GxE. Comparison of 
cage and pond systems, however, produces values ranging 0.36 to 0.82 that is indicative of significant 
GxE. Further work by (Luanet al., 2008) in Vietnam on harvest weight and survival of GIFT Tilapia in 
brackish and in freshwater systems produced genetic correlations of 0.45±0.09 harvest weight and 
0.42±0.05 for survival. 
 
A G×E assessment of Nile tilapia in a low input system using manure fertilizer and high input system 
using formulated diets were conducted at the World Fish Center, Abbassa, Egypt (Khaw et al.,  2008). 
The genetic correlation reported for body weight ranges from 0.74±0.15 to 0.84±0.36. Limitations in 
these results of (Khaw et al., 2008) were pointed out by (Ponzoni et al., 2005) in that the experimental 
structure was based on discrete generations, without a control line which affected the separation of 
genetic and environmental effects from each other. 
 
Statistically significant GXE were reported in the growth rate amongst 35 strains of Atlantic salmon 
reared at five different locations in Norway over a 3-year period with interaction variation ranging from 
1.4 to 3.7 percent (Gunnes & Gjedrem, 1978).The variation was attributed to differences in climatic 
conditions (temperature and light condition) of the experimental locations. A similar experiment was 
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conducted for growth rate amongst 94 sire lines of Rainbow trout over four years at five different 
locations involving the northern and southern region in Norway with up to a seven-degree difference in 
latitude. The results display significant disparity in the growth rate of the sire lines and the interaction 
variation ranges from 1.2 to 5.5% (Gunnes & Gjedrem, 1981). The overall nature of GxE in these 
experiments, however, does not justify the development of different strains of Atlantic salmon and 
Rainbow trout for culture in specific areas of farming. Weak re-ranking was reported by the Norwegian 
National Cod Breeding Program for body weight Atlantic cod (Gadus morhua) (Kolstad et al., 2006). 
Results reported by (Bangera et al., 2015) on Rainbow trout grown in different locations representing an 
extreme range of environmental conditions of South and North coast in Norway however showed 
significant GxE and strong re-ranking of the genotypes. Environmental factors such as temperature, 
altitude, photoperiod, water quality and feeding have been identified as major contributors to GxE 
interaction (Svasand et al., 1996 ; Otterlei et al., 1999; Imsland et al., 2005). 
 
Genetic improvement (selective breeding) of aquaculture species has been comprehensively defined as 
the   central point of development in any country (Charo, 2006; Gjedrem et al., 2009). The goals of GIP 
include improving and increasing sustainable production efficiency and also minimizing production cost 
for both small and large scale farming operation. Improved strains are disseminated to other locations 
for production different from where they are selected. 
 
In the presence of GxE especially when it leads to change in rank order of the strains in the production 
environments, that negatively impact on the productions performances of such strains and undermines 
the goals of genetic improvement programme (genetic gain). Robust genotypes suitable for all 
environment are considered (Gjedrem, 2009) 
 
2.4 Overview of tilapia productions systems 
In Africa, tilapia farming applies a wide range of production systems including ponds, tanks and cages; 
managerial intensity ranges from extensive, semi- intensive to intensive culture systems whilst the agro-
climatic environments include brackish, freshwater and marine in both warm and temperate zone. The 
intensity of farming is associated with increased inputs in relation to nutrition, health management, 
environmental control, water quality and genetic management. The bulk of Tilapia farming in Africa is 
practiced by small-scale producers under extensive ponds culture conditions. G×E is therefore expected 
to be a definite consideration given the presence of high levels of genetic diversity and the wide range 
of culture conditions to be considered. 
 
A short overview is presented in terms of the different categories of culture conditions, followed by a 
more detailed of discussion of nutritional inputs associated with such systems. 
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2.4.1 Extensive culture systems 
Most of the low income, small scale farmers in rural areas are utilizing low input extensive faming 
systems in the form of earthen ponds or tanks. These simple farming systems required little capital 
investment or management time and are characterized by low levels of intervention such as low water 
replacement, low stocking densities (1000 – 2000 fish/ha) with nutrition dependent on natural 
productivity of phyto and zooplankton. In some cases, natural productivity is stimulated through the 
addition of agriculture waste (plant rests, manure) as fertilizers. Broodstock are obtained from the wild 
with fingerling supply through natural propagation. Productivity is relatively low with yields ranging 
from 300 to 700 kg/ha. The harvest is going mainly into household consumption with economic viability 
based on the low input hence low cost of production. In some cases, supplementary nutrition is 
presented in the form of duckweed (Lemna minor) and agriculture by-products (e.g. rice bran, plant 
wastes) in an effort to increase productivity. 
 
 
 
Figure 2.2 Examples of a typical small-scale extensive Tilapia pond and tank culture system (Google)  
 
2.4.2 Semi-intensive culture systems 
Semi-intensive culture systems also consist also of earthen ponds, tank or cages where the culture 
conditions are enhanced through improved husbandry practices such as increased flow rates or 
aeration, health management, waste management, pond fertilization (organic fertilizer = 4000 – 8000 
kg/ha/crop; inorganic fertilizer = 2000 – 6000kg/ha/crop) and supplementary feeding (El-Sayed, 2006). 
Supplementary feeding may take the form of feed manufactured on-farm or formulated commercial 
feeds. Stocking density ranges from 5000 – 20000 fish/ha and the fish yield from 1,500 - 2,500 
kg/ha/crop. The harvest supplies household consumption with the surplus supplying into the local 
market. The increased inputs amounts to an increase in the cost of production whilst household income 
is derived from the sale of surplus stock. 
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Figure 2.3 Example of a semi-intensive Tilapia pond and cage culture system with supplementary feeding (Google). 
 
2.4.3 Intensive culture systems 
In these kinds of systems fish production per unit of surface is increased through supplementary 
aeration, water replacement and treatment and the supply of adequate quantities of formulated 
commercial feeds. Fish are stocked at high densities (10 000 to 30 000\ha; 35 – 80 kg/m3) and are totally 
dependent on the supply formulated feeds (El-Sayed, 2006). Yield range from 2 000 – 4 000kg/ha/crop. 
Production is directed mainly at regional and export markets, with some product supplied into the local 
market. The value chain is extended to include processing and value addition. 
 
 
Figure 2.4 Examples of an intensive Tilapia tank and raceway culture system with supplementary aeration and 
feeding (Google). 
 
Cage culture is rapidly expanding Tilapia culture system in Africa, both in terms the larger inland (Lake 
Kariba, Lake Victoria, Lake Volta, etc.) and smaller water bodies. 
 
  
Figure 2.5 Tilapia cage culture systems on Lake Kariba, Zimbabwe and Lake Volta, Ghana (www.lakeharvest.com). 
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2.5 Tilapia food systems 
Fish farming relies on access to feed with the required nutritional composition to secure good growth 
and maintain health and profitability. Extensive farming systems relies mainly on natural productivity in 
the form of phyto- and zooplankton, whilst in semi-intensive systems production is enhanced by 
stimulation of the natural productivity through the application of organic/inorganic fertilizer and/or 
supplementary plant based or formulated feeds. Intensive farming systems are fully dependent on the 
use of formulated feeds (El-Sayed, 2006). 
 
2.5.1 Duckweed used as supplementary fish food in aquaculture. 
Duckweed is classified under four genera namely Lemna, Spirodela, Wolffia and Wolfiella, with the 
Lemna species most commonly used in fish and poultry farming (Journey et al.,  1993). Duckweed 
(Lemna minor) is a tiny two leaved floating aquatic plant (Plate 2.5) that is utilized in a fresh or dried 
form as a dietary supplement and nutrient source for humans, fish and livestock, as well a fertilizer 
supplement (Mbagwu et al., 1988;(Journey et al., 1993).  
 
  
Figure 2.6 A close-up picture of Duckweed (Lemna minor) in different stages of propagation, and on the right a 
hand-held sample from a culture tank. 
 
The plant obtains nutrients through the submerged roots and has the secondary benefit of absorbing 
dissolved nutrients or elements such as ammonia, nitrate, potassium, iron, boron, sodium, chlorine, 
magnesium, calcium and phosphorus thereby improving water quality whilst and converting such 
nutrients into plant biomass that serves as protein food source to fish. It multiplies very rapidly when in 
favourable conditions such as nutrient-rich fresh and brackish water systems, particularly during 
summer due to increased water temperature and sunlight hours. The ideal temperature for its 
propagation is between 250C to 310C, whilst the plant becomes stressed at temperature range from 310c 
to 350c (Leng et al., 1995). The ideal pH range is 4.5 to 7.5. It can survive at temperatures as low as 60C. 
At temperatures approaching 00C, the plants become dormant, drops to the bottom and forms a special 
starchy survival frond called a “turion” until the temperature increases again. The plant grows best in 
very calm water bodies and cannot survive in turbulent water (Leng et al., 1995). 
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Duckweed contains valuable trace elements such as potassium, phosphorus and carotenoids and the 
form of xanthophyll (Leng et al., 1995; Yılmaz et al.,  2004). Crude protein content of dry matter ranges 
from 20 to 45%, depending on the culture conditions such as nutrient richness of the water, location, 
environmental and seasonal conditions (Gerloff et al., 1965; Gerloff et al., 1965; Culley & Epps, 1973; 
Leng et al., 1995; Saha et al., 1999). Productivity expressed in terms of annual protein production per 
hectare is estimated to be about ten times higher compared to soybean production. It has a low fiber 
content base on dry matter, ranging from 5 to 15 percent (Mbagwu et al., 1988) with an ash content of 
26 percent (Culley & Epps, 1973). 
 
The chemical composition of duckweed varies greatly with growth stage, prevailing temperature and 
nutritional content of the water. Poor growth performance that can be associated with duckweed as a 
primary food source could be attributed to anti-nutritional factors such as oxalic acid that may retard 
intake when consumed in large quantity together with the high moist content of up to 96 percent 
(Goopy & Murray, 2003). 
 
Various studies have reported on the inclusion of duckweed as a supplement in animal feeds such as for 
ducks, chickens, pigs, cattle and sheep. Significant increase in body weight gain over the control diet 
have been recorded such as in chicken (Leng et al., 1995) and in sheep (Leng & Stambolie, 1995). 
(Chowdhury & Bureau, 2009) recorded a significant increase production of a fish in a polyculture system 
of 7.771 kg/dec with a duckweed supplement compared to 5.923 kg/dec without a duckweed 
supplement. (Fasakin et al, 1999) recommended 30% as an optimal inclusion level of duckweed as a 
partial replacement of fishmeal in the tilapia feed. He however reported a growth poor performance at 
a 100 percent replacement of fishmeal with duckweed. 
 
Various studies have investigated on the use of fresh duckweed as sole feed source such as Tilapia 
(Hillman & Culley, 1978; Gaigher, Porath & Granoth, 1984 ; Gaigher & Short, 1986; Hassan & Edwards, 
1992; Yılmaz & Günal, 2005; Erdal et al. 2005) and carp (Van Dyke and Sutton 1977; Hepher & Pruginin, 
1979; Yılmaz & Günal, 2005). Gaigher et al. (1984; 1986) reported a poor growth rate (0.67% daily 
weight gain) when feeding fresh duckweed as a sole food source to Tilapia attributed to low feed intake. 
(Yılmaz & Günal, 2005) reported 20% inclusion level in the feed of carp. 
 
In an extensive system its supplementation is enhanced through natural productivity such as the phyto- 
and zooplanktons, detritus, crustaceans and in intensive systems, it is through inclusion into the feed. 
Duckweed is an excellent source of food supplement in fish production, considered as a palatable 
protein source to various livestock, and fish species (Culley et al, 1981; Skillion et al, 1993; Iqbal, 1999). 
It occurs widely in tropical and subtropical regions and is commonly utilized in small-scale fish farming 
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systems where it displays edibility over a wide range of fish species (Leng et al., 1995; Yilmaz et al., 
2005). The nutrient profile of duckweed in terms of its protein, mineral, vitamin and pigment levels and 
palatability is an indication of a high quality feed supplement for the farming of fish and poultry, in 
either the fresh or dry format (Iqbal, 1999). It has a high essential amino acids profile with more 
pronounced concentrations of lysine and methionine than in any other plant (Journey, Skillicorn & Spira, 
1993; Journey et al., 1991; Chowdhury & Bureau, 2009). Duckweed can be classified as a low energy diet 
based on the low fat content of 4.75 percent (Culley, 1976). Due to the dominancy of subsistence 
farmers in Africa with low income only contributing to household food security and the affordability (no 
cost) of the accessibility of duckweed forms the part of treatments as the low input system utilized in 
this study. Several other feedstuff has been denoted as low input systems: organic fertilizers (chicken 
manure) (Charo-Karisa, 2006). 
 
Tilapia (Hillman & Culley, 1978) and carp (Van Dyke and Sutton, 1977) species has the record of been 
able to utilize duckweed most efficiently. Genetically selected strains as in the case of GIFT tilapia 
though selected under intensive management practices has the ability to efficiently utilized duckweed a 
food supplement thus reducing the cost of feed that carries 60% of the cost of production. Literature 
abound of genetically selected genotypes such as hybrid grass carp fed duckweed as supplementary 
feed by (Cassani et al., 1983), channel catfish by (Landolt et al.,  1987), hybrid tilapia fish (O. niloticus x 
O. aureus) (Gaigher et al., 1984). These studies all recorded significant growth under high densities. GIFT 
tilapia has also been fed with duckweed as a supplementary feed significant growth and survival were 
recorded (Uddin et al., 2007). 
 
2.5.2 Formulated feeds 
Formulated fish feeds are associated with intensive and semi-intensive farming systems where the fish is 
dependent on such feeds to sustain its growth performance. In these systems, feed cost constitutes up 
to 60% of production costs. For this reason, feed management must be optimized in relation to the 
specific requirements of the respective fish species at various developmental stages and in accordance 
with environmental conditions. Such feeds are mainly produced by commercial manufactures on the 
basis of least cost formulations and supplied to farmers. Fishmeal has been a primary ingredient in 
formulated fish feeds due to its nutrient value in terms of protein and essential amino acids, energy and 
fatty acid profile and minerals and vitamins. The limited supply and high cost associated with fishmeal 
has necessitated the replacement by alternative plant based protein sources, such as soya and maize 
(Yılmaz & Günal, 2005). 
 
Principle of strain selection 
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Strains are populations of fish within a single species with the same origin and genetic background 
(Dunham, 2011). The uniqueness of a strain is the expression of different traits they exhibit (Dunham, 
2011). The first step in a genetic improvement program (that leads to the formation of a strain) is the 
establishment of best performing strains with high genetic variation through evaluation and selection 
(Gjedrem, 1992; Gjeren & Bentsen, 1997; Brink, 2004). Different traits that made up for selection in 
strains could be fast growth rate, disease resistance, colour, temperature tolerance, fillet yield, flesh 
quality, food conversion, salinity tolerance and age at maturity. The expression of traits differs in 
different species of fish, which is a prerequisite for evaluation and selection in genetic improvement 
program. Interaction of a genotype with others in the population and the environment has effect on the 
value of trait expressed by such genotype (Hill e al., 2007) which affects each other in the population. 
Various approaches adopted (as discussed above) in genetic improvement programs are for strain 
development in aquaculture. 
 
Strains of fish have various traits that manifest in different ways. Several economic traits have been 
selected for fish species such as growth for Nile tilapia (Eknath & Acosta, 1998), harvest weight in O. 
shiranus (Gjerde et al., 2007), disease resistance in Atlantic salmon (Storset et al., 2007), age at sexual 
maturation in rainbow trout (Oncorhynchus mykiss) (Longalong et al., 1999). In an experiment that was 
carried out, where the growth performances of three strains of Nile tilapia from Egypt, Ghana and Ivory 
Coast were compared, discovery showed that Ivory Coast strain grew faster than the other two and the 
lowest growth rate was recorded in Ghana strains (Dunham, 2011). Ghana strain was able to reproduce 
better than the two other strains. The Egypt strain had an appealing colour (rosy markings) on their 
cheek, chin and fins.  Variations within the strains enhances evaluation, selection and performances of 
robust strains to prevailing conditions and environments. 
 
For a given strain of fish to perform well. An ideal environment, such as good water quality, 
temperature, normal oxygen level, health of the fish, quantity and quality of the feed given and suitable 
stocking densities will further boost the performances of strains. The use of strain in Tilapia production 
has a greater chance of success as far as 30% growth than normal tilapia. Tilapia production in Africa 
ranges from large-scale commercial farming to subsistence farming characterized by low input. The 
development of genetically improved strains of Tilapia is driven by the need to improve productivity in 
commercial systems. These strains are also distributed to low-input systems for production, where their 
performance may not be optimal. The genotypeenvironment GE interactions may be responsible for 
these variations in the performance of Tilapia in different systems. Several studies have evaluated the 
impact of GxE interaction on improved strains of tilapia production in other parts of the world such as in 
Asia, but in Africa there is limited information on the effect of GxE on growth parameters, proximate 
composition and haematological parameters of Nile tilapia. Therefore in this study the production 
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performances, proximate composition and haematological parameters of different strains of O.niloticus 
would be assessed in two (high and low) different environments to investigate the degree of GxE and 
the re-ranking effect that might occur. 
 
2.6 Conclusion  
Aquaculture is the fastest growing food production sector with a significant contribution to global food 
security, with Tilapia production a key contributor in developing countries. The production of Tilapia 
(Oreochromis niloticus) is contributing significantly to the economic growth of many countries of the 
world especially in Asia and South America, but it remains under developed in Africa. This is mainly due 
to poor productivity of subsistence farming systems, partly attributed to the utilization of unimproved 
strains and limited of dedicated genetic improvement programs on the continent.  
 
The use of genetically improved Tilapia has the potential to significantly improve productivity and 
production on the African continent (Ansah et al. 2014). The dissemination of these improve strains over 
a varying range of environmental conditions and farming systems (e.g. high and low input systems) 
makes it an imperative to consider possible effects of GxE interactions. Such interactions can have a 
profound effect of the production performance of strains in the different environments that could result 
in a loss of expected genetic gain.  
 
Awareness needs to be created among fish farmers and extension workers of the possible negative 
impact of GxE during the dissemination of improved strains. The robust evaluation of genotypes in 
appropriate environments is imperative when promoting genetic improvement and its objectives. 
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Chapter 3 
Methodologies 
 
3.1 Ethical clearance  
The required statutory ethical clearance for the experimental work was obtained from the Research Ethics 
Committee for Animal Care and Use at the University of Stellenbosch in 2013 (SU_A CUM_00018). The 
required permits for the importation of the respective strains were obtained from the Department of 
Agriculture, Forestry and Fisheries (DAFF) in South Africa in early 2014. 
 
3.2 Importation of genetic material 
Various authors (Gall, 1990; Refstie, 1990; Gjedrem, 1992; Gjeren & Bentsen, 1997; Brink, 2004) 
recommend the first step in strain comparison experiments as the collection of a wide range of the best 
available genetic material. Due to the nature of the study, it was decided to collect genetic material from 
recognized hatcheries that are representative of a wide geographic range including Africa, North America, 
and South East Asia.  
 
It was envisaged to obtain six  genetically unrelated populations of Nile tilapia (O. niloticus) from six  
distinctly different geographical locations, i.e.: 
1. Environmental Research Lab College of Agriculture and Life Sciences, University of Arizona, United State 
of America (www.ag.arizona.edu/azaqua). Three different strains were obtained from this laboratory, 
namely two unrelated  genotypes and one red variety. 
2. GIFT strain from Nai Sam Fish Farm, Aquaculture and Aquatic Resources Management, Asian Institute of 
Technology, Thailand (www.ait.ac.th). The male and female brooder codes where supplied but remain 
confidential for the purpose of this study, as per agreement with the supplier. 
3. Ainoo Fish farm, CSIR-Animal Research Institute, Ghana (www.csir-ari.org/). Wild populations from three 
locations (Nawuni in the Savannah belt; Yeji in the Transitional belt, and Kpando from the Forest belt) 
contributed to the founder population from which this strain was developed. 
4. Xibaha Tilapia Farm, Mozambique (www.xibaha.com). There is no clearly defined information available 
on the composition of the Xibaha strain, seemingly to stem from a previous mixture of an important 
imported GIFT and the local Chitranlada population that was also introduced into Zimbabwe at an 
earlier stage.   
5. African Fish Ltd, Zambia (personal communication). Only a few fish (n=7) of this consignment survived, 
following which the strain was discarded from the experiment on the `basis of concern of a too narrow 
genetic base. 
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6. The World Fish Center, Abassa, Egypt was also approached to supply a strain representative of the North 
Africa region but the efforts were unsuccessful due to the unstable political situation at the time. 
 
Thus fish from only five  geographically different locations were obtained for this study, and ultimately only 
6 strains were importedfor the study.  
 
3.3 Experimental location and facilities 
3.3.1  Experimental location 
The growth trial was conducted at the Aquaculture Research Section based on the Welgevallen 
Experimental Farm of Stellenbosch University (330 56ꞌ 33” S, 180 51ꞌ 56” E).  
 
3.3.2  Experimental systems 
The overall study consisted of growth trials that were conducted in two separate units. Experiment 1 was 
conducted in a temperature-controlled recirculation aquarium system (RAS) that consists out of seventy-
two 120 L glass aquaria, with each tank that is equipped with mechanical and biological water filtration, 
and supplementary aeration. A constant water flow rate of 13.6 ± 1.9L per second per tank and aeration at 
±7mL/second were maintained throughout the trial. Experiment 2 was conducted in a temperature-
controlled RAS that consists out of eighty-eight 90L plastic tanks. A constant water flow of 13.2 ± 1.6L per 
second, supplemented by aeration at ±7mL/second, was maintained throughout the trial.  
 
 
Figure 3.1 The glass and plastic water recirculation aquarium systems (RAS) used for Experiment 1 and 2 respectively. 
 
 
Water quality parameters that were monitored daily throughout each experiment included water 
temperature, conductivity, pH, dissolved oxygen, with the aid of YSI Ecosense conductivity meter, HACH 
LDO probe, and Pro ODO meter probe, respectively. Ammonia, nitrate, nitrite and phosphorus levels were 
monitored bi-weekly with the use of a HacH DR/890 colorimeter. The water quality parameters were 
maintained within the optimal range for the species, as summarized in Table 3 and prescribed by (Boyd, 
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2004; Timmons & Losordo, 1994) . Aquaria and the mechanical filtration unit comprising of Japanese mat, 
aqua stones and a foam bed were cleaned weekly by removing solid wastes.  
 
Table 3.2 The range of water quality parameters maintained during two Nile tilapia growth trials conducted in a 
recirculating aquarium system. 
Parameter Range 
Experiment 1  
Dissolved oxygen (mg/l) 4.8 - 8.1 
pH 5.44 – 6.44 
Temperature (0C) 22.6  - 29.9 
Experiment  2  
Dissolved oxygen (mg/l) 5.2 - 8.2 
pH 5.56 - 6.23 
Temperature (0C) 20.2  - 25.0 
 
3.3  Experimental animals and husbandry 
A total of 500 swim up fry per strain, approximately ten days of age, were imported from the 5 
abovementioned locations between March 2014 and August 2014. All juveniles were quarantined upon 
arrival at the Aquaculture Research Section based at the Welgevallen Experimental Farm of Stellenbosch 
University, and reared under standardized conditions.  
 
The onset of sexual maturation in males and females was monitored to enable to allocation of mature fish 
to the respective brooder stock populations. The display of secondary sexual characteristics in males which 
included a pinkish coloration on the lower jaw and reddish coloration at the tip of the genital papilla, as 
described by (Shelton and Popma, 2006). Gravid females were identified by the presence of and/or release 
of eggs with the application of abdominal pressure, and projected reddishness of the genital papilla.  
Figure 3.2 indicate how gender was distinguished by using the shape of the genital papillae. 
 
      
Figure 3.2 The genital papilla of sexually mature male (left) and female (right) Nile tilapia (O.niloticus) (Credit: Fish and 
Allied Aquaculture, Auburn University). 
 
Stellenbosch University  https://scholar.sun.ac.za
47 
 
After these traits were identified, fish were randomly allocation to separate breeding pairs for each of the 
respective four strains (Charo-karisa, 2006). Four breeding pairs per strain, with the fish ranging in size from 
120 to 150g, were each placed in separate 200L glass aquaria that formed part of a recirculation system.  
 
To minimize the potential of aggressive encounters between males and females, the upper mandible of 
male broodstock was clipped to reduce aggressive behaviour towards the females. Most breeding pairs 
spawned within a period 9 to 23 days of pairing. As soon as a female was noticed to be carrying eggs in the 
mouth, the male parent was removed to prevent any negative interference with the female.  
 
Dead fish were removed from the tanks with immediate effect and mortalities were recorded daily per 
replicate in terms on number and individual weights. 
 
Nutrition of trial animals 
On absorption of the egg yolk sac of the fry, the female brood stock were removed from the breeding 
tanks, and fry were thereafter fed ad lib three times daily with powdered commercial tilapia feed 
(Aquafeeds (Pty) Ltd, South Africa). Feed size were adjusted according to the size of the fry. The feed size 
were adjusted three times before the commencement of the experiment. Powdered feed given for the first 
week, hereafter crumble feed were given for about 4weeks, after which 0.3mm size of feed given till the 
commencement to the experiment.  
 
Duckweed (Lemna minor) was introduced at weekly intervals to assess the readiness of the fry to accept 
the food type. At eight weeks of age, fry from the 4 strains were observed to be readily accepting 
duckweed as food type as a prerequisite for the experiment to commenced.  
 
3.4 Experimental layout 
 
For both experiments, all the progeny obtained from the individual breeding pairs for each strain were 
pooled at age eight weeks (at a weight of ±4-5g), and then randomly allocated to the respective 
treatments. 
 
3.4.1 Experiment 1 
Experiment 1 was conducted in the period of February 2015 to May of 2015. The experimental design was a 
4×2 factorial design that involved four Nile tilapia (O. niloticus) strains that were subjected to two 
treatments, and with each treatment being replicated four times.  
 
 The four strains of Nile tilapia (O. niloticus) used in the study were the following: 
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 Strain S1, which consisted of the a wild type strain obtained from the University of Arizona, 
 Strain S2, which consisted of a second unrelated wild type strain obtained from the University of 
Arizona, 
 Strain S3, which was an unrelated Red strain obtained from the University of Arizona, and 
 Strain S4, which was the GIFT strain obtained from Thailand. 
 Strain S5 and S6 which were obtained from Ghana and Mozambique respectively were not sexually 
matured at the time the other four strains were set in breeding pairs. These two strains were only 
included in the second experiment. 
A total of twenty-five (25) fish per replicate were randomly allocated to each treatment group.   The 
average weight of the fish at the onset of the 70-day growth trail were S1 = 5.23g±0.09g, S2 = 4.67g±0.09g,  
S3 = 3.95g±0.09g and S4 = 4.47g±0.09g, respectively. 
 
Figure 3.3 A comparison of duckweed (Lemna minor; left) and commercial O.niloticus pellets (right) that were fed to 
Nile tilapia during growth trials. 
 
3.4.2 Experiment 2 
Experiment 2 was carried out from June 2015 to November of 2015. Strain 2 was not included in 
Experiment 2 because of an insufficient number of fry produced. The experimental design was a 5×2 
factorial design, involving five Nile tilapia strains subjected to two treatments, with each treatment being 
replicated four times.  
 
The five Nile tilapia (O. niloticus) strains used in Experiment 2: 
 Strain S1, which consisted of the a wild type strain obtained from the University of Arizona, 
 Strain S3, which was an unrelated Red strain obtained from the University of Arizona,  
 Strain S4, which was the GIFT strain obtained from Thailand, 
 Strain S5, which consisted of the Ainoo strain obtained from Ghana, and     
 Strain S5, which consisted of the Xibaha strain obtained from Mozambique. 
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A total of twenty-five (25) fish per replicate were randomly allocated to the respective treatments. The 
average weight of the fish at the onset of the 98-day growth trail were S1 = 5.55g±0.12g, S3 = 5.61g±0.12g, 
S4 = 5.61g±0.12g, S5 = 5.73g±0.12g and S6 = 5.16g±0.12g, respectively. 
 
3.5 Experimental treatments 
The two treatments included in the study included a Low Energy (LE) diet that was represented by 
duckweed (Lemna minor), and a High Energy (HE) diet consisting of a standard commercial tilapia diet 
(Aquafeeds (Pty) Ltd., South Africa). Figure 3.3 presents a comparison of the duckweed with the 
commercial tilapia diet. 
 
A summary of the nutritional composition of the two treatment diets is presented in Tables 3.1 and 3.2. 
  
Table 3.1 A comparison of the nutritional composition of the standard commercial tilapia feed and duckweed (Lemna 
minor) used as nutritional treatment during a Nile tilapia (O. niloticus) growth trial. 
 
Component High Energy Diet (AquaFeed) Low Energy Diet (Duckweed dry mass)* 
Total Protein (%) 41.6 29.4 
Total Fat (%) 9.22 5.94 
Moisture (dry mass) (%) 7.58 7.89 
Total Energy (MJ/kg) 19.02 16.25 
Crude Fiber (%) 3.85 13.62 
Total Ash (%) 8.32 18.2 
*Moisture content of Duckweed (Lemna minor) = 94.6%  
 
Table 3.2 Comparison of nutritional composition assigned to the two treatments, namely standard commercial tilapia 
feed (AquaFeed) and Duckweed (Lemna minor) for Experiment 2. 
Component High Energy Diet (AquaFeed) Low Energy Diet (Duckweed dry mass)* 
Total Protein (%) 43.5 35.9 
Total Fat (%) 10.17 5.18 
Moisture (dry mass) (%) 6.87 7.32 
Total Energy ( MJ/kg) 19.9 16.76 
Crude Fiber (%) 4.58 11.36 
Total Ash (%) 10.40 13.75 
*Moisture content of Duckweed (Lemna minor) = 94.6%  
 
The duckweed was sourced from the Botanical Gardens of Stellenbosch University, and then propagated in 
outdoor concrete tanks at the Aquaculture Research Section on the Welgevallen Experimental Farm. The 
duckweed culture tanks were prepared by covering the floor with a 12mm layer of loamy soil, then filled 
with freshwater and fertilized with cow dung obtained from the dairy section on the experimental farm. A 
number of tanks were inoculated in succession to ensure a constant surplus supply of duckweed 
throughout the duration of the trial.  
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The fresh duckweed was harvested twice daily from the culture tanks, around 9h00 in the morning and 
again 16h00 in the afternoon, with the aid of a hand sieve. The duckweed was then transferred to the 
respective aquaria to ensure an ad libitum availability of the material to the fish.  
 
The HE diet were fed to fish twice daily between around 9h00 in the morning and again 16h00 in the 
afternoon, by gradually presenting the pelleted feed into the tanks until the fish were fed to satiation by 
visual observation, also defined as the occurrence of left over feed in the tank (Baker & Mann, 1994). The 
daily consumption of the AquaFeed diet was recorded on a per tank basis and compared against 
recommended commercial feeding levels to ensure consistency in the feeding regime used.  
 
3.6 Data recorded 
Each replicate was anesthetized with clove-oil-water combination (five drops of clove oil dissolved in 5L of 
water; Rapsin, 2015) to ensure ease of handling, to minimize stress and to improve accuracy of 
measurements.  
 
3.6.1 Live measurements 
All fish within each replicate were sampled on a bi-weekly basis over the duration of the trails, i.e. 70 day 
period for Experiment1 and a 98 days period for Experiment 2. Body weight, standard (SL) and total length 
(TL), respectively, were recorded fortnightly for all fish. The difference in duration of Experiment 1 and 2 is 
attributed to the termination of the experiments at the onset of sexual maturity could have differential 
effect on the feeding behaviour and resulting growth in the mixed sex experimental groups. The extended 
duration of Experiment 2 is attributed to the slower overall rate of growth, hence delayed onset of sexual 
maturity.   
 
Body weight was recorded by drying the fish slightly on a hand towel before the weight was recorded by 
using a UWE HGS-300 electronic scale.  
 
Standard length was recorded by using a calibrated measuring board, measuring each fish from the tip of 
the snout to the tip of the caudal peduncle.  
Total length was recorded from the tip of the snout to the tip of the caudal fin or tail, as described by 
(Skelton, 2001).  
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3.6.2 Growth parameters 
A series of growth parameters were determined in the following manner: 
a) Mean Weight Gain (MWG) as average percentage of body weight gain =
(Mean Final Body Weight – Mean Initial Body Weight) × 100
Mean Initial Body Weight
                  (1) 
 
b) Specific Growth Rate (SGR) as average percentage of body weight gain per day =
100x (Loge Final Body Weight – Loge initial body weight) 
Duration (days)
                   (2) 
 
c) Average Daily Weight Gain (ADWG) in gram per day =
Mean final weight – Mean initial weight 
Duration (days)
             (3) 
 
d) Average Daily Length Gain (ADLG) in mm/day =
Mean final length – Mean initial length 
Duration (days)
              (4) 
e) Condition Factor (K)  =
100×W 
𝐿3
(Fulton, 1904)                  (5) 
where:   W =Body weight (g) 
L =Total Length (cm) 
f) Fish yield (Y) as a percentage of Body weight (BW)  =
Gutted weight (g)  x 100 
Body weight (g)
               (6) 
 
Fish yield describes the edible part of the fish after the viscera and gill has been discarded. A total of nine 
fish per replicate were randomly selected at the end of each experiment. The fish were killed by a firm 
knock on the head and the total BW were recorded per replicate. The viscera and gills were then removed 
and the total Gutted weight (GW) was recorded per replicate and the yield calculated according to equation 
6.   
f) Survival rate (%)  =
Final number of fish   × 100
Initial number of fish
                   (7) 
Mortalities were recorded on a daily basis. 
 
3.7  Collection of DNA tissue samples 
Fifty (50) fish each were randomly selected from the six strains, anesthetized with clove-oil-water 
combination (five drops of clove oil dissolved in 5L of water; Rapsin, 2015) for partial fin clip to be carried 
out. Fin tissue samples were clipped by using a sharp scissor from the lower part of the caudal fin, and 
stored in sampling bottles filled with 100% ethanol to carry out the molecular DNA to know the genetic 
variation that exist among the different strains according to Ricker (2016). Due to financial constraints the 
molecular DNA of the strains were not analysed in this study, and samples are being stored for further 
analysis. The variation between strains were thus only verified through the information from various 
suppliers.   
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3.8 Collection and analysis of blood samples  
Blood samples were collected at the end of each experiment from randomly selected fish (n=8) from each 
replicate of the HE diet treatment.  Due to the low effective growth rate of the LE group, the blood samples 
collected from the LE treatment groups were too small to allow for the haematological analysis to be 
carried out.  
 
Fish were anaesthetized before the collection of the blood samples, as described above. Each blood sample 
was collected from the caudal vein by using a 3mL sterile heparinized hypodermic syringe fitted with a 21 
gauge disposable hypodermic needle (Affonso et al., 2002).  To prevent blood clotting the syringe was 
rinsed with a stock solution (5mL heparin dissolved in 500mL saline solution) prior to the sampling. The 
blood sample collected from each individual fish was then transferred into individual sterilized 6mL 
Vacutainer tubes containing ethylene diamine tetra acetic acid (EDTA).  
 
Each blood sample was then centrifuged – give details here. Each centrifuged sample was then analyzed by 
using an automated Abbot CELL-DYN Hematology Analyzer (model 3700) to determine hemoglobin (HGB), 
lymphocytes (LYM), monocytes (MONO), eosinophils (EOS), basophils (BASO), neutrophils (NEU) platelets, 
red blood cell (RBC), packed cell volume (PCV), mean corpuscular volume (M CV),mean corpuscular 
haemoglobin (MCH), mean corpuscular haemoglobin concentration (MCHC) and white blood cell (WBC) 
counts.  
 
3.9 Carcass proximate analysis 
The carcass proximate analysis was conducted in accordance with the standard procedure of the 
Association of Official Analytical Chemists (AOAC, 2002). A random sample of four fish per replicate was 
collected at the end of each experiment. Fish were killed by knock on the head. The viscera were then 
removed to avoid the inclusion of gut contents, ovaries, etc. that could influence the analysis results, 
especially protein values. External fins and heads were also removed to improve homogenization and 
accuracy of analysis of the fish samples. The fish samples/tissues of all four fish per replicate  was pooled 
and homogenized in a Hobart meat homogenizer (Hobart Food Equipment, Troy, OH) for 3 minutes, then 
vacuum-sealed and kept frozen at -200C until later analysis.  
 
Total Fat  
Total fat content was determined (AOAC, 2002a) according to the chloroform-methanol extraction method 
(2:1 ratio, prepared by the addition of 1000mL of chloroform and 500ml methanol buffer solution) of (Lee, 
et al., 1996).  A sample weight (SW) of five grams (5g) from each homogenized sample were placed in an 
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800mL glass beaker with 50mL of already prepared buffer solution of chloroform and methanol, and 
blended for 1 min at a moderate speed by using a homogenizer. The homogenate was then filtered through 
a coarse filter paper (Whatman no 1) into a 100mL glass separation funnel. A volume of 20mL 0.5% NaCl 
solution was added and the separation funnel was gently shaken five (5) times and allowed to settle until a 
visible separation occurred. Five (5) ml of the lower chloroform layer (CL) of the aliquot containing the fat 
was then collected by using a 10mL pipet, and transferred to a pre-weighed glass beaker. The solvent was 
then evaporated on a sand plate for 30 min, the beaker allowed to cool in a desiccator for 30 min, after 
which it was weighed again to obtain the weight of the extracted fat (EF). This procedure was done in 
duplicate for each sample with the mean used for further calculations.  
 
Total fat content was calculated as follows: 
(Fat beaker + fat) – (Fat beaker) x (Chloroform volume) x 100
Sample mass
                   (8) 
                                                                      
Crude Protein  
Protein (nitrogen) content was determined by means of the Dumas method (AOAC, 2002b) using a 
calibrated LECO FP 528 machine. The homogenate residue retained from the fat extraction was placed in an 
oven for five (5) days for the chloroform to evaporate. Thereafter it was crushed in a mortar with a pestle.  
A 15mg of the crushed sample was then weighed into a foil cup, and the weight recorded by computer 
software. The weighed EDTA samples and the crushed samples were loaded separately into the carousel of 
the LECO FP 528 machine for automatic analysis, and determination of the nitrogen value (N). This 
procedure was done in duplicate for each sample.  
 
The mean N-value was then converted into a crude protein value by means of the formula: 
% Crude protein = % Nitrogen x Protein Conversion factor of 6.25                (9) 
 
Moisture 
The moisture content of each sample was determined by weighing 2.5g of each homogenized fish sample 
(wet weight) into a pre-weighed crucible, and placed in an oven to dry at 105 0C for 48hours (AOAC, 2002c). 
The crucibles were then transferred to a desiccator to cool for 30 min. The weight of the moist-free sample 
(dry weight) was then determined. This procedure was done in duplicates for each sample.   
 
The following formula was used to calculating moisture content: 
 Moisture content (%)  =
(Mean Dry weight)  X 100
Mean Wet weight
                  (10) 
Dry matter (%)   = 100 −  Moisture content (%)                 (11) 
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Ash content 
Ash content was determined by weighing 2.5g of dried matter (dry weight) into a pre-weighed crucible, and 
placing it in a furnace at 500 0C for 6 hours (AOAC, 2002d). The furnace was then allowing to cool for 2 
hours, where after the crucibles were transferred to a desiccator to cool for another 30 min, before the 
final weight was recorded. This procedure was done in duplicate for each sample.  
 
The ash content of each sample was calculated by using the formula: 
Ash (%)   =
(Mean Dry weight)  X 100
Mean Final weight
                   (12) 
Organic material (%)    = 100 –  Ash %                   (13) 
 
3.10  Proximate analysis of feed samples 
A 1kg sample of the commercial feed was grinded using a Foss blending machine (Knifetec Tecator 1095 
model) sealed in a vacuum bag, and stored in a plastic bowl at room temperature until later analysis. A 
262.8g wet sample of the duckweed for Experiment 1 was collected from the culture tank at the 
Welgevallen Experimental Farm before the end the experiment and dried in an LABCON SER 10319 oven at 
600C for three days to a constant weight of 51.2g after which the sample  was grinded and stored in a 
vacuum bag until later analysis. Likewise for Experiment 2, 175.4g wet sample of duckweed was collected 
and 50.2g constant weight after drying was obtained. Prior to analysis frozen fish samples were allowed to 
thaw overnight at a room temperature of between 180C and 220C. The proximate analysis was performed 
according to the methods described by the (AOAC, 2002d). 
 
Total Fat 
Total fat was determined by ether extraction with Tecator Soxtec system HT 1043 Extraction unit. Two 
gram of the feed sample was weighed in a thimble in which small piece of defatted cotton wool was plug 
into to keep the thimbles in place during extraction. A volume of 50mL diethyl ether was then  transferred 
to a pre-weighed aluminium cup, and the thimbles containing the sample was placed in the extractor; while 
the aluminium cups were placed on the heating mantle with the correspondent sample number. The 
suction tube handle was pulled down ensuring the proper sealing of the joint of the extraction. Thimbles 
were dropped into the ether to boil for 15 minutes while the taps of the suction were opened, after which 
the thimbles were lifted for 30minutes, thereafter the taps were closed to capture the ether which was left 
to boil for 15 minutes, the aluminium cups were then removed and placed in the drying oven for two hours, 
the aluminium cups transferred into the desiccator to cool down for 30 minutes and weighed. This 
procedure was done in duplicate for each sample. The formula for calculation Total fat in feed is: 
Total fat %  =
(Mass of soxhlet cup + fat) – (mass of soxhlet cup)       x       100
Mass of sample
               (14) 
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Moisture Content 
Moisture content of the feed samples were determined by weighing empty crucible (A) and then taking 2g 
of the sample weight in a crucible (B) and place in an oven at105 0C for 48hours.After which crucible were 
place in a desiccator to cool for 30mins.The moist free samples and crucible were then weighed (C). 
The moisture content was calculated by using the formula 
% Moisture  =
(A+B) – C   X 100
B
                    (15) 
  
Total Energy 
The Total energy value of feed was determined by measuring the amount of heat produced when the feed 
is completely oxidized in a CP 00 bomb calorimeter.  Two pills of approximately 0.5g each were prepared of 
feed type, with the exact weight recorded for each pill. The Total energy value for each pill was then 
determined with a Bomb-Calorie Meter using the standard analytical procedure of Animal Sciences of 
Stellenbosch University. 
 
Crude Fiber 
Crude fiber content of the feeds were gravimetrically determined by analyzing two samples per feed type 
by means of a raw fiber Extractor machine. Starting with a 1.0 g sample mass, chemical digestion and 
solubilisation of other compounds were initiated by first the addition of preheated sulphuric acid solution 
and left to boil for 30 minutes. The sample was then rinsed with distilled water to remove the soluble. 
Sodium hydroxide was then added to the remaining sample mass on glass crucible and left to boil for 30 
minutes and rinsed in a similar fashion. The crucibles were then transferred to drying oven for 48hours at 
105 0C, then placed in a desiccator to cool for 30 minutes and weighed (weight A). The samples were ashed 
in a furnace at 500 0C for 6 hours, where after the crucibles were allowed to cool down and transferred to 
the desiccator for 30 minutes and weighed again (weight B). This procedure was done in duplicate for each 
sample. The formula for calculating crude fiber: 
% Crude fiber   =
    weight A  –  weight B           x       100
Sample mass (SM)
                 (16) 
A = Mass of residue in crucible after drying (g) 
B = Mass of residue in crucible after ashing (g) 
 
3.11 Statistical analysis  
Data were analyzed using SAS Enterprise 5.1 (2015) Guide System version 12 and XLSTAT version 2015. 
Body weight, standard length, total length were calculated by means of linear regression after which these 
were subjected to analysis of covariance where the intercept was included in the model so as to compare 
the growth performance among the various strains and feeding regimes. Yields, condition factor and 
haematological parameters measured were all subjected to a one way analysis of variance (ANOVA) on the 
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basis of individual values as well as averages. The Bonferroni adjustment t-test was used to separate 
differences between the means at P< 0.05 significance level. Phenotypic correlations for strains over 
treatments were calculated as biserial correlations to quantify the G×E among the different strains over the 
treatments.  
Haematological parameters - Statistical analysis was performed on the data using an ANOVA analysis and 
the Bonferroni adjustment test. 
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Chapter 4 
The influence of diet on the growth performance of six  
Nile tilapia (Oreochromis niloticus L.) strains under different nutritional regimes 
 
Abstract  
Six Nile tilapia (O. niloticus L.) strains were subjected to two nutritional regimes to quantify growth performance and 
potential genotype by environment (GxE) interaction during two consecutive experiments. The nutritional regimes 
comprised of a high energy (HE) diet consisting of a commercially available tilapia feed, and a low energy (LE) diet 
consisting of duckweed (Lemna minor). In Experiment 1, four unrelated strains received the treatment diets during a 
70-day growth period, while in Experiment 2 five unrelated strains received the treatment diets during a 98-days 
growth period. Body weight (BW), standard length (SL) and total length (TL) were recorded fortnightly, and were used 
to calculate specific growth rate (SGR), percentage weight gain (PWG), mean weight gain (MWG), average daily weight 
gain (ADWG), average daily length gain (ADLG) and average daily standard length gain (ADSLG), condition factor (K), 
and yield.  Overall, strains that received the HE diet had improved growth rates, when compared to the LE treatment 
groups. The GIFT s(S4) performed significantly better than the other strains (S1, S2, S3, S5 and S6) in relation to all 
parameters in the high energy treatment groups, over both experiments. Strains on the LE diet in both experiments 
did not differ in terms of the abovementioned parameters. Strains subjected to the HE and LE diets  did not differ in 
terms of survival rate. Phenotypic correlations for the strains ranged from 0.729 to 0.952 for BW, from 0.7.777 to 
0.975 for SL, and from 0.775 to 0.977 for TL, over the two treatments and experiments. For almost all strains, the 
exception being Strain 6, there was a weak GxE interaction. There was no significant difference in terms of variation 
and ranking order of the performance of strains over the treatments, providing further evidence of the absence of or a 
weak GxE. The mean condition factor for the HE diet in Experiment 1 ranged from 2.052 to 2.179, and for the LE diet 
from 1.824 to 2.186, with no significant differences between strains and treatment in Experiment 1. In Experiment 2, 
the mean condition factor for strains on the HE diet ranged from 1.826 to2.012,  and for the LE diet from 1.663 to 
1.769, with some level of significant difference between strains and treatments. No change in the ranking order of the 
strains over treatments was observed. Yield did not differ between the strains in Experiment 1, however, the HE diet 
resulted in a greater yield than the LE diet over both experiments. However, over treatments a significant difference 
was obtained. HE diet were higher for both experiments but percentage edible yield was not different over strains, 
but S3 (Red tilapia) on HE diet was significantly lower than strains on LE diet.  
In conclusion, Strain 4 can be recommended for use in production systems based on HE diets, while no specific strain 
can be recommended for use in production systems based on LE diets.  The absence of a significant GxE interaction 
over the treatments also provide an indication that there is no need for establishing separate breeding programs for 
Nile tilapia for selective use in high and low input systems in Africa.  
 
4.1  Introduction 
The projected growth in the world population from the current 7.4 billion to 9.6 billion by 2050 requires an 
increased production of affordable animal protein to address challenge such as malnutrition that faces 
12.9% of the world population (FAO, 2015a, b, c). Aquaculture is considered as a major contributor to the 
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production of affordable food. Aquaculture production increased from 32.4 million tons in 2000 to 73.8 
million tons in 2014, which resulted in the industry becoming the fastest growing food producing sector in 
the world, with the per capita fish consumption increasing to more than 20 kg in 2015 (FAO, 2016).  
Aquaculture production is expected to further increase to 50 million tons by 2050 (Tacon et al., 2000; 
Charo, 2006).  
 
Tilapia has become the second most farmed fish in the world after carp, and this can be  attributed to the 
ability of tilapia to effectively utilize natural and artificial feeds (Moriaty, 1973; Moritary &,Moriarty, 1973 & 
Bowen, 1982), fast growth, high resistant to disease, ease of reproduction, adaptation to a wide range of 
environmental conditions, and high economic value (FAO, 2012). The production of Nile tilapia 
(Oreochromis niloticus) reached an estimated 73.8 million metric tons in 2015, with the bulk of production 
from Asia, although it is farmed in more than 100 countries over all continents (FAO, 2014, 2016; 
Fitzsimmons, 2001).  
 
Low input tilapia production systems in Asia and Africa utilize a wide range of resources such as organic 
fertilizers, rice brans, grasses, weeds and household kitchen waste as alternative food sources ( Fasakin et 
al., 1999; Charo, 2006; Buyukcapar et al., 2011). Macaranas et al. (1997) reported a loss in genetic gain 
when fish strains developed for high-energy input systems are transferred to less favourable low-energy 
input systems, which implies that genotypes behave differently in different environments, due to a 
genotype by environment (GxE) interaction. It stands to reason that a genotype maintained in an optimal 
environment will ensure that the genotype produce as efficiently as possible. A high GxE will require a 
particular genotype to adapt to a particular environment, whereas a low GxE will allow an improved 
genotype or strain to thrive in more diverse environments (Charo, 2006).  
 
Knowledge on the most suitable environmental conditions for the culture of a specific fish species is 
fundamental to ensure successful fish farming. The sensitivity of an animal to its environment increases 
with an increase in unfavourable conditions, while it reduces under favourable conditions (Jinks & Connolly, 
1973; Jinks et al.,  1988). Growth as an important economic trait in genetic improvement programs, is a 
function of a change in body weight and length over time. Growth is also a basic trait that is used to define 
and measure yield. By improving the growth rate of a genotype, production costs and the duration of a 
production cycle can be optimized. The quality of fish feed and ad lib access to feed are both major 
determinants of growth, where an insufficient quantity and poor quality feed will impair growth. Growth 
rate is therefore a primary trait of interest and economic importance in selective breeding programs for 
aquaculture species (Olesen et al., 2003). The progress of a number of aquaculture breeding programs 
however, have been reported to be hampered by GxE interactions (Knibb et al., 1998; Wohlfarth et al., 
1983; Gjedrem, 2000). The accuracy of some assessments in these studies were questioned on the basis of 
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limited number of families and sample sizes with large population groups (Vandeputte et al., 2001; Saillant 
et al., 2006). It is therefore imperative to conduct studies that can elucidate on the potential of GxE to 
influence a genotype’s ability to perform under a wide range of production conditions. 
 
Subsistence fish farming contributes significantly to household food security in developing countries, 
including Africa (Eknath et al., 1993). Tilapia culture systems range from extensive, semi-intensive to 
intensive systems (Pullin, 1985). The use of supplementary or artificial feeds has increased yields from 
500kg/ha/year to as much as 15 000kg/ha/year in intensive farming systems Machena & Moehl, 2001; 
Charo, 2006), where the cost of feed comprises up to 60% of production costs (Green, 1992).  
 
In Africa, the majority of producers are subsistence farmers relying on low input extensive culture systems 
making use of unimproved or wild genotypes. Various government or developmental agencies are 
recommending the use of improved strains with superior performance to stimulate aquaculture production 
in Africa in order to meet the growing demand for affordable protein (Charo, 2006). Several breeding 
programs have validated the improved growth performances of genetically improved Nile tilapia, with the 
GIFT strain of O. niloticus showing superior genetic gain of between 10% and 20% per generation for 
important traits such as growth (Hulata et al., 1986; Brzeski & Doyle,  1995; Eknath et al., 1993; Bentsen et 
al., 1998; Bolivar & Newkirk, 2002). These assessments were however mainly conducted under intensive 
culture conditions that are dependent of the use of supplementary feeds to sustain high growth rates. In 
cases where genetically improved strains are distributed to small-scale subsistence farmers in an effort to 
improve production efficiency the question arises about the suitability of these strains for low input 
environments. It is therefore important to evaluate the best performing strains under different 
environmental conditions to establish its suitability for development and utilization (Ponzoni et al., 2013).  
 
This study thus aimed to evaluate the growth performance of genetically unrelated strains of Nile tilapia in 
low and high input systems to determine the potential influence of GxE interaction on the ability of the 
genotypes to perform in the respective systems. The findings will sensitize and inform fish farmers and 
stakeholders about the potential influence of GxE on the production performance of strains, and will 
potentially assist in the identification of particular strains for a specific type of production system, whether 
it be intensive of extensive in nature. 
 
4.2  Materials and Methods 
4.2.1 Experimental site and systems  
The experiments were conducted at the Aquaculture Research Section based on the Welgevallen 
Experimental Farm of Stellenbosch University (GPS coordinates:  330 56ꞌ 33” S, 180 51ꞌ 56” E). The 
experiment 1 was conducted in a closed temperature-controlled water recirculation system (RAS) 
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consisting of seventy-two 120 L glass aquaria,  with centralized mechanical and bio-filtration. A water flow 
rate of 13.6±1.9L/second per tank were maintained throughout the trial, with continuous supplementary 
aeration at ±7mL/second per tank. Water temperature of the RAS system was maintained between 280c 
and 300c, with oxygen levels above 80% saturation, while levels of ammonia, nitrate and nitrite and 
suspended solids maintained within the optimal range for the species (Boyd, 2004).  
 Experiment 2 was conducted in a temperature-controlled RAS that consists out of eighty-eight 90 L plastic 
tanks. A constant water flow of 13.2 ± 1.6L per second, supplemented by aeration at ±7mL/second, was 
maintained throughout the trial, with average temperature of 250c and 80% of oxygen saturation. 
Ammonia, nitrate and nitrite and suspended solids were also maintained within the optimal range for the 
species. 
 
4.2.2  Experimental animals and design 
The six unrelated Nile tilapia strains that were imported for the study is presented in Table 4.1 
Table 4.1 The origin of the unrelated Nile tilapia strains used in the study. 
Strain Origin Location 
Strain 1 Hatchery University of Arizona, USA 
Strain 2 Hatchery University of Arizona, USA 
Strain3 (Red Tilapia) Hatchery University of Arizona, USA 
Strain 4 (GIFT tilapia) Hatchery Thailand 
Strain 5 Hatchery Ghana 
Strain 6 Hatchery Mozambique 
 
From the imported strains, animals were raised to broodstock age, which were then allowed to spawn to 
obtain fry for both Experiment 1 and Experiment 2.  For Experiment 1, Strain 5 and 6 failed to spawn, 
therefore only fry obtained from strains S1, S2, S3 and S4 were used in this part of the study (Table 4.2) 
 
Table 4.2 The unrelated Nile tilapia strains used in Experiment 1. 
Strain Origin Location 
Strain 1 Hatchery University of Arizona, USA 
Strain 2 Hatchery University of Arizona, USA 
Strain3 (Red Tilapia) Hatchery University of Arizona, USA 
Strain 4 (GIFT tilapia) Hatchery Thailand 
 
For Experiment 2, Strain 2 failed to spawn, therefore only fry obtained from strains S1, S3, S4, S5 and S6 
were used in this part of the study (Table 4.3) 
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Table 4.3 The unrelated Nile tilapia strains used in Experiment 2. 
Strain Origin Location 
Strain 1 Hatchery University of Arizona, USA 
Strain3 (Red Tilapia) Hatchery University of Arizona, USA 
Strain 4 (GIFT tilapia) Hatchery Thailand 
Strain 5 Hatchery Ghana 
Strain 6 Hatchery Mozambique 
 
For a more detailed information on the hatcheries, please refer to Chapter 3. 
 
On arrival of the strains at the research section, fry were quarantined and acclimatized in the quarantine 
unit for four weeks. The animals were maintained for a period of seven months and grown out to obtain 
broodstock. To obtain fish for the experiments, breeding males and females were randomly allocated to a 
breeding combination for a specific strain, and allowed to reproduce. Care was taken to ensure that strains 
did not hybridize. Juveniles originating from this broodstock population were then randomly selected at a 
synchronized age to be allocated to the treatment groups.  
 
The experimental design for Experiment 1 and Experiment 2 is presented in Table 4.4 and Table 4.5, 
respectively.  
 
Table 4.4. The demographic information of the fish used in Experiment 1.  
Strain  Total number of fish Age  
(days) 
Average initial 
weight (g) 
Average initial length 
(mm) 
Strain 1 200 56 5.23g 65.26mm 
Strain 2 200 56 4.67g  62.85mm  
Strain 3 200 56 3.95g  58.72mm  
Strain 4 200 56 4.57g 61.77mm 
 
Table 4.5. The demographic information of the animals used in Experiment 2. 
Strain  Total number of fish Age  
(days) 
Average initial 
Weight (g) 
Average initial Length 
(mm) 
Strain 1 200 56 5.55g 66.12mm 
Strain 3 200 56 5.61g 63.49mm 
Strain 4 200 56 5.61g 68.21mm 
Strain 5 200 56 5.74g 68.05mm 
Strain 6 200 56 5.17g 63.32mm 
 
The experimental design for Experiment 1 was a 4X2 factorial, with four replicates per treatment. The 
experimental design for Experiment 2 was a 5X2 factorial, with four replicates per treatment. The two 
nutritional treatments that the experimental animals were subjected to consisted of a high energy (HE) 
feed consisting of a commercially available tilapia feed (Aquafeeds (Pty) Ltd, South Africa), and a Low 
energy (LE) feed that consisted of duckweed (Lemna minor) which was propagated at the Aquaculture 
Research Section at the Welgevallen Experimental Farm.  
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4.2.3 Feeding and maintenance check numbering 
The HE treatment groups were fed to satiation on a commercial tilapia feed twice daily between 09:00 and 
17:00. The LE treatment group were fed ad libitum twice daily between 09:00 and 17:00, ensuring that 
enough duckweed was available in the tanks to ensure continuous feeding. The duckweed was initially 
sourced from the University of Stellenbosch Botanical Garden and then cultured in outdoor concrete tanks 
at Welgevallen Experimental Farm, from where it was cropped on a daily basis to feed the fish.  
 
Faecal material and food waste were siphoned from the tanks on a daily basis. Physicochemical parameters 
such as water temperature, dissolved oxygen, conductivity and pH were monitored daily alongside with the 
ammonia, nitrate, and nitrite levels.  
 
4.2.4   Sampling and recording of data 
Complete sampling of all fish per tank were conducted on a fortnightly basis during the experimental 
period of seventy (70) days for Experiment 1 and ninety-eight (98) days for Experiment 2. The sampled fish 
were anesthetized through the use of clove oil according to a protocol described by Rapsin (2015) to 
minimize stress and injuries during sampling and measurement.  
 
The recorded traits included the following: 
Body weight (BW) measured in grams using a UWE electronic balance (model HGS-300, capacity: 300 × 
0.01g) 
 
Standard length (SL) as measured (in mm) from the most anterior region to the caudal peduncle, and by 
using a calibrated measuring board. 
 
Total length (TL) as measured (in mm) from the tip of the mouth to the tip of the caudal fin, and by using a 
calibrated measuring board.   
At the end of each experiment a blood sample was collected from each of nine randomly sampled fish per 
replicate, whilst fish yield (Y) were determined through the recording of the live weight as well the carcass 
weight after removal of the viscera.  
 
Mean weight gain (MWG) as a percentage, and specific growth rate (SGR) as a mean percentage per day 
were calculated according to the formulas below the calculation of the various growth parameters based 
on the measured traits is summarized as: 
Mean Weight Gain MWG) as average percentage of body weight gain =
(Mean Final Body Weight – Mean Initial Body Weight) × 100
Mean Initial Body Weight
                  (1) 
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Specific Growth Rate (SGR) as average percentage of body weight gain per day =
100(Loge Final Body Weight – Loge Initial Body Weight)
Duration (days)
                   (2) 
 
Average Daily Weight Gain (ADWG) in gram per day =
Mean final weight – Mean initial weight
Duration (days)
             (3) 
 
Average Daily Length Gain (ADLG) in mm/day =
Mean final length – Mean initial length
Duration (days)
              (4) 
Condition Factor (K)  =
100×W 
𝐿3
(Fulton, 1904)                   (5) 
where:   W =Body weight (g) 
L =Total Length (cm) 
 
Fish yield (Y) as a percentage of Body weight (BW)  =
Gutted weight (g)  x 100 
Body weight (g)
               (6) 
 
Fish yield describes the edible part of the fish after the viscera and gill has been discarded. A total of nine 
fish per replicate were randomly selected at the end of each experiment. Fish were killed by firm knock on 
the head and the collective BW were recorded per replicate. Thereafter the viscera and gills were removed 
and the collective Gutted weight (GW) was recorded per replicate and the yield calculated as above 
Survival rate was expressed as an overall percentage, according to the formula below. 
f) Survival rate (%)  =
Final number of fish   × 100
Initial number of fish
                   (7) 
 
4.2.5  Statistical analysis 
 Data were analyzed using SAS Enterprise 5.1 (2015) Guide System version 12 and XLSTAT version 2015. 
Body weight, standard length, total length were calculated by means of linear regression after which these 
were subjected to analysis of covariance where the intercept was included in the model so as to compare 
the growth performance among the various strains and feeding regimes. Yields and condition factor 
measured were all subjected to a one-way analysis of variance (ANOVA) on the basis of individual values as 
well as averages. The Bonferroni adjustment t-test was used to separate differences between the means at 
a 95% (p< 0.05) significance level. Phenotypic correlations for strains over treatments were calculated as 
biserial correlations to quantify the G×E among the different strains over the treatments.  
 
4.3 Results 
The key objectives of Experiments 1 and 2 were to quantify the growth performance of unrelated strains of 
Nile tilapia (O. niloticus) under high and low energy feeding regimes, and to elucidate on a potential GxE 
interaction. Due to differences in the number of strains used in Experiment 1 and Experiment 2, 
respectively, the results of the two experiments will be presented separately. 
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Experiment 1 
The influence of the HE and LE diet on the body weight (BW), standard length (SL) and total length (TL) is 
presented in Table 4.6. The strains receiving the HE diet outperformed the strains that received the LE diet 
(p<0.05). Strains receiving the LE diet weighed on average 8.24±0.93g, compared to the strains that were 
fed the HE diet, that weighed 72.2±0.93g (Table 4.6). The differential ratio between the HE and LE 
treatments were roughly of 9:1 for BW and 2:1 for SL and TL (Table 4.6). The similarities observed in all the 
tables for standard error of the mean on HE and LE diets are group standard error of the mean and not for 
the individual traits or strains.  
 
Table 4.6. The influence of diet on the body weight (mean±SE), standard length (mean±SE), and total length 
(mean±SE) of four genetically distinct Nile tilapia strains during a 70-day treatment period 
Treatment Body Weight (g) Standard Length (mm) Total Length (mm) 
High energy diet 72.22a±0.93 119.32a±0.56 149.89a±0.67 
Low energy diet 8.24b±0.93 61.60b±0.56 76.71b±0.67 
a, b Different superscripts in columns denote significant differences (p<0.05) 
 
When growth rate of the strains is expressed as a main effect over treatments, similar results in terms of 
significant differences were observed for BW, SL and TL as for the ammonia, nitrate and nitrite and 
suspended solids maintained within the optimal range for the species HE E diet, with S4 being superior in 
terms of BW, SL and TL (Table 4.7). 
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Table 4.7. The 
influence of diet 
main effect on the 
body weight 
(mean±SE), standard 
length (mean±SE), 
and total length 
(mean±SE) of four 
genetically distinct 
Nile tilapia strains 
during a 70-day 
period.Strain 
Body Weight (g) Standard Length (mm) Total Length (mm) 
1 32.99c±1.32 88.57c±0.79 109.25c±0.96 
2 41.34b±1.32 91.80b±0.79 114.54b±0.96 
3 36.92bc±1.32 85.82c±0.79 108.51c±0.96 
4 49.66a±1.32 95.64a±0.79 120.90a±0.96 
  a, b, c Different superscripts in columns denote significant differences (p<0.05) 
 
Table 4.8 The influence of both diet on the body weight (mean±SE), standard length (mean±SE), and total 
length (mean±SE) of four genetically distinct Nile tilapia strains during a 70-day period. 
Strain Body Weight (g) Standard Length (mm) Total Length (mm) 
 High E Low E High E Low E High E Low E 
S1 57.20c±1.87 8.78d±1.87 113.10c±1.11 64.05d±1.11 140.69c±1.36 77.83de±1.36 
S2 74.33b±1.87 8.35d±1.87 120.82b±1.11 62.78d±1.11 151.15b±1.36 77.93de±1.36 
S3 66.58b±1.87 7.26d±1.87 114.07c±1.11 57.56d±1.11 145.09bc±1.36 71.92e±1.36 
S4 90.76a±1.87 8.57d±1.87 129.28a±1.11 62.00d±1.11 162.64a±1.36 79.16d±1.36 
a, b,c,d,e Different superscripts in columns denote significant differences (p<0.05)  
 
The results confirm significant differences in the BW of strains on the HE diet with the GIFT (S4) superior to 
the other strains, whilst S2 and S3 was significantly better than S1. For SL and TL strain S4 performed 
significantly better than the other strains, with S2 significantly better than both S1 and S3. No significant 
differences were however detected between the strains on the low energy diet for any of the measured 
traits. 
 
4.3.2 Average daily weight gain (ADWGBW), average daily length gain (ADLGSL) and average daily length 
gain (ADLGTL)  
The average rate of growth in terms of BW, SL and TL was calculated as a linear regression coefficient with 
the intercept included as a covariate in the model to adjust for differences in starting values. The full model 
therefore contained the covariate and the main effects of strain and diet and their interaction.  
 
The strains performed significantly better on the HE diet, as indicated in Table 4.9.  
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Table 4.9 The influence of treatment main effect on the average daily weight gain (ADWGBW) (mean±SE), 
average daily length gain (ADLGSL)(mean±SE), and average daily total length gain (ADLGTL)(mean±SE) of four 
genetically distinct Nile tilapia strains during a 70-day period. 
Treatment average daily weight 
gainBW   (g) 
average daily length 
gain SL  (mm)  
average daily total 
length gain TL   (mm) 
High E 0.852a±0.02 1.011a±0.01 1.269a±0.01 
Low E 0.165b±0.02 0.139b±0.01 0.167b±0.01 
a, b Different superscripts in columns denote significant differences (p<0.05) 
 
 
S4 on all the calculated traits was significantly different as compared to other strains. Likewise S2 showed 
significant difference on ADWGBW  as presented in table 4.10 below. 
 
Table 4.10 The influence of diets main effect on the average daily weight gain (ADWGBW) (mean±SE), 
average daily length gain (ADLGSL) (mean±SE), and average daily length gain total (ADLGTL) (mean±SE) of 
four genetically distinct Nile tilapia strains during a 70-day period. 
Strain average daily weight 
gainBW 
average daily length 
gainSL 
average daily total 
length gainTL 
1 0.482ab±0.01 0.548b±0.02 0.669b±0.03 
2 0.535a±0.01 0.590b±0.01 0.735ab±0.02 
3 0.466b±0.01 0.513b±0.02 0.649b±0.03 
4 0.553a±0.01 0.648a±0.01 0.819a±0.02 
a, b Different superscripts in columns denote significant differences (p<0.05) 
 
There was no interaction observed between the main effects, as all strains performed well on the HE diet, 
and poor on the LE diet. The performance of strains S2 and S4 were significantly better (p< 0.05) from the 
rest of the strains on the HE diet, while there was no significant difference (p>0.05) between the strains on 
the LE diet. A change in rank order of the strains on the HE and LE diets were however observed with S4 as 
the highest rank order on the HE diet and S1 the highest rank order on the LE diet (table 4.11). 
 
Table 4.11 The influence of both diets on the average daily weight gain (ADWGBW) (mean±SE), average daily 
length gain (ADLGSL)(mean±SE), and average daily length gain total (ADLGTL)(mean±SE) of four genetically 
distinct Nile tilapia strains during a 70-day period. 
 average daily weight gainBW average daily length gainSL average daily total length gainTL 
Strain  High E Low E High E Low E High E Low E 
S1 0.762b±0.02 0.203c±0.02 0.926c±0.03 0.169d±0.02 1.151c±0.03 0.188de±0.02 
S2 0.911a±0.02 0.158c±0.02 1.031b±0.02 0.149d±0.02 1.292b±0.03 0.178de±0.02 
S3 0.798b±0.02 0.134c±0.02 0.947bc±0.02 0.079d±0.02 102.2bc±0.02 0.094e±0.03 
S4 0.940a±0.04 0.166c±0.02 1.139a±0.02 0.157d±0.02 1.430a±0.02 0.207d±0.02 
a, b Different superscripts in columns denote significant differences (p<0.05) what about c superscript? 
 
4.3.3  Mean weight gain, Percentage weight gain and Specific growth rate 
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On interaction over treatments, high energy diet performed significantly better than the low energy diet in 
all cases as seen in Table 4.12 below. 
 
Table 4.12 The influence of treatment interactive effect on mean weight gain (MWG) (mean±SE), 
percentage weight gain (PWG) (mean±SE), and specific growth rate (SGR) (mean±SE) of four genetically 
distinct Nile tilapia strains during a 70-day period. 
Diet Mean weight gain (g) Percentage weight gain (%) Specific growth rate (gday-1) 
High E 67.64a±0.94 1510.87a±2.83 0.039a±0.00 
Low E 3.63a±0.94 79.42b±2.83 0.008b±0.00 
a, b Different superscripts in columns denote significant differences (p<0.05) 
 
The values of the calculated parameters of mean weight gain, percentage weight gain and specific growth 
rate of strains on the high energy diet were significantly different to that on low energy diet. S4 was 
significantly better from other strains for all three parameters. No significant differences have been 
observed between strains on the low energy diet were (Table 4.13). 
 
Table 4.13 The influence of both diets on the mean weight gain (MWG) (mean±SE), percentage weight gain 
(PWG) (mean±SE), and specific growth rate (SGR) (mean±SE) of four genetically distinct Nile tilapia strains 
during a 70-day period. 
 Mean weight gain (g) Percentage weight gain (%) Specific growth rate (gday-1) 
Strain High E Low E High E Low E High E Low E 
S1 51.10c±1.87 3.45d±1.87 998.51c±56.57 65.20d±56.57 0.034c±0.0005 0.0071d±0.0005 
S2 69.55b±1.87 3.80d±1.87 1455.49b±56.57 83.46d±56.57 0.039b±0.0005 0.0086d±0.0005 
S3 62.75b±1.87 3.18d±1.87 1644.11b±56.57 77.61d±56.57 0.041ab±0.0005 0.0082d±0.0005 
S4 86.30a±1.87 4.09d±1.87 1945.39b±56.57 91.42d±56.57 0.043a±0.0005 0.0093d±0.0005 
a, b Different superscripts in columns denote significant differences (p<0.05) 
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4.3.4 Yield and Condition factor 
When performance is expressed as a main effect over strains, the HE treatments were significantly better 
than the LE treatments (Table 4.14). 
 
Table 4.14 The influence of treatment main effect on yield (mean±SE) and condition factor (mean±SE) of 
four genetically distinct Nile tilapia strains during a 70-day period. 
Treatment  Condition factor  Yield  
High E 1.892a±0.003 82.018a±0.006 
Low E 1.703b±0.003 78.129b±0.006 
a, b Different superscripts in columns denote significant differences (p<0.05) 
 
No significant difference was observed for condition factor and the yield between strains on both HE and LE 
treatments (Table 4.15).  
 
Table 4.15 The influence of diets on yield (mean±SE) and condition factor (K) (mean±SE) of four genetically 
distinct Nile tilapia strains during a 70-day period. 
 Condition factor Yield 
Strain  High E Low E High E Low E 
1 2.052a±0.12 2.044a±0.14 83.252a±0.03 77.781a±0.015 
2 2.149a±0.12 1.948a±0.14 82.502a±0.03 78.508a±0.019 
3 2.179a±0.12 2.186a±0.14 81.370a±0.02 77.313a±0.015 
4 2.105a±0.12 1.824a±0.14 80.949a±0.04 78.915a±0.017 
a, b Different superscripts in columns denote significant differences (p<0.05) 
 
4.3.4  Phenotypic correlations  
The performance of the strains was also expressed in terms of the biserial correlation of the measured 
traits (BW, SL and TL) over treatments as an indicator of possible of GxE Interaction. The phenotypic 
correlations were generally high with values above 0.8 together with high levels of significance (p<0001). 
There were also no re-ranking of strains across the treatments over both experiments. 
  
Table 4.16 The biserial correlation coefficient on the influence of diets body weight (BW) (mean±SE), 
standard length (SL) (mean±SE), and total length (TL) (mean±SE) of four genetically distinct Nile tilapia 
strains during a 70-day period. 
Strain Body Weight Standard Length Total Length 
1 0.928 0.960 0.966 
2 0.952 0.975 0.977 
3 0.947 0.976 0.976 
4 0.906 0.954 0.974 
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4.4 Experiment 2. 
4.4.1  Body weight, Standard length and Total length  
The expression of treatments as a main effect over strains again confirm the highly significant differences in 
the growth of the fish on the high and low energy diets with a poor overall growth performance on the low 
energy diet (Table 4.17). 
 
Table 4.17 The influence of diet on the body weight (mean±SE), standard length (mean±SE), and total 
length (mean±SE) of five genetically distinct Nile tilapia strains during a 98-day period.  
Treatment Body Weight Standard Length Total Length 
High 72.30a±0.80 122.91a±0.55 151.53a±0.65 
Low 12.76b±0.81 71.74b±0.55 90.95b±0.65 
a, b Different superscripts in columns denote significant differences (p<0.05) 
 
When growth rate is expressed as a main effect over treatments, S4 were again superior to the other 
strains in terms of BW, SL and TL, with S6 being significantly worse than the other strains in terms of BW 
and equally worse with S3 for TL (Table 4.18). 
 
Table 4.18 The influence of diet main effect on the body weight (mean±SE), standard length (mean±SE), 
and total length (mean±SE) of five genetically distinct Nile tilapia strains during a 98-day period. 
Strain Body weight (g) Standard Length (mm) Total length (mm) 
S1 41.98b±1.60 96.88b±0.86 122.10b±1.02 
S3 37.16bc±1.26 94.19b±0.86 114.99c±1.02 
S4 57.59a±1.28 105.05a±0.88 131.45a±1.03 
S5 40.16bc±1.27 95.54b±0.87 119.30b±1.03 
S6 35.16c±1.26 94.95b±0.92 118.37bc±1.09 
a, b Different superscripts in columns denote significant differences (p<0.05) 
 
Similar trends were observed in Experiment 2, based on a total of 5 strains with a 98 day growth period. On 
the high energy diet strain S4 again performed significantly better than the other strains, with S6 significant 
worse than the other strains (Table 4.10). The performance of all of the strains on the low energy diet was 
again poor in comparison to that on the high energy diet (table 4.19). 
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Table 4.19 The influence of both diets on the body weight (mean±SE), standard length (mean±SE), and total 
length (mean±SE) of five genetically distinct Nile tilapia strains during a 98-day period.  
 Body Weight Standard Length Total Length 
Strain High E Low E High E Low E High E Low E 
S1 70.80b±1.78 13.16d±1.78 121.15b±1.22 72.61de±1.22 151.70b±1.44 92.51e±1.44 
S3 63.84bc±1.77 10.47d±1.79d 120.45bc±1.22 67.94e±1.22 144.79cd±1.44 85.18f±1.45 
S4 101.74a±1.78 13.44d±1.83 137.24a±1.22 72.86de±1.22 170.02a±1.44 92.88e±1.48 
S5 68.02b±1.77 12.30d±1.83 120.88b±1.22 70.20de±1.22 149.33bc±1.44 89.28ef±1.48 
S6 57.07c±1.71 14.43d±1.89 114.81c±1.21 75.08d±1.22                                  141.81d±1.54 94.92e±1.53 
a, b, c Different superscripts in columns denote significant differences (p<0.05)  
 
4.4.2  Average daily weight gain (ADWGBW), average daily length gain (ADLGSL) and average daily length 
gain (ADLGTL)  
The effect of treatment over strain display a similar trend as in experiment 1 with significant difference 
between the treatments over strains (Table 4.20). 
 
Table 4.20 The influence of treatment main effect on the average daily weight gain (ADWGBW) (mean±SE), 
average daily length gain (ADLGSL) (mean±SE), and average daily length gain total (ADLGTL) (mean±SE) of five 
genetically distinct Nile tilapia strains during a 98-day period. 
Treatment average daily weight 
gainBW 
average daily length 
gainSL 
average daily total 
length gainTL 
High E 0.649a±0.04 0.734a±0.006 0.899a±0.008 
Low E 0.111b±0.04 0.224b±0.006 0.288b±0.008 
a, b Different superscripts in columns denote significant differences (p<0.05) 
 
Experiment 2 main effect indicated significant difference for S4 which differ significantly from the rest of 
the strains as represented. For standard length S4 was significantly different from the rest of the strains 
while for total length S4 was significantly different from the rest strains and S1 different from S3 and S6 as 
presented in Table 4.21. 
 
Table 4.21 The influence of diets main effect on the average daily weight gain (ADWGBW) (mean±SE), 
average daily length gain (ADLGSL) (mean±SE), and average daily length gain total (ADLGTL) (mean±SE) of five 
genetically distinct Nile tilapia strains during a 98-day period. 
Strain average daily weight 
gainBW 
average daily length 
gainSL 
average daily total 
length gainTL 
1 0.371b±0.02 0.476b±0.01 0.601b±0.01 
3 0.344b±0.03 0.449b±0.01 0.539c±0.01 
4 0.512a±0.04 0.555a±0.01 0.685a±0.01 
5 0.354b±0.02 0.451b±0.01 0.557bc±0.01 
6 0.319b±0.02 0.461b±0.01 0.588c±0.01 
a, b Different superscripts in columns denote significant differences (p<0.05) 
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The interactive effect of strains and the treatment shows that S4 was significantly different from the rest of 
the strains in HE, while in the LE there was significant difference among the group. The HE performed 
higher than the LE in all cases. This can be seen in table 4.22 
 
Table 4.22 The influence of diets main effect on the average daily weight gain (ADWGBW) (mean±SE), 
average daily length gain (ADLGSL) (mean±SE), and average daily length gain total (ADLGTL) (mean±SE) of five 
genetically distinct Nile tilapia strains during a 98-day period. 
 average daily weight gainBW average daily length gainSL average daily total length gainTL 
Strain  High E Low E High E Low E High E Low E 
1 0.625ab±0.04 0.118c±0.05 0.714a±0.006 0.238c±0.01 0.892b±0.02 0.311c±0.02 
3 0.605ab±0.03 0.080±c0.06 0.737b±0.02 0.162d±0.01 0.871b±0.02 0.207d±0.02 
4 0.905a±0.10 0.119c±0.05 0.875a±0.01 0.235cd±0.01 1.069a±0.02 0.301cd±0.02 
5 0.601b±0.03 0.106c±0.04 0.678b±0.01 0.225cd±0.01 0.826b±0.02 0.289cd±0.02 
6 0.509b±0.04 0.128c±0.04 0.664b±0.02 0.258c±0.01 0.841b±0.02 0.336c±0.02 
 a, b, c Different superscripts in columns denote significant differences (p<0.05)  
 
4.4.3  Mean weight gain, Percentage weight gain and Specific growth rate 
Based on interaction over treatments, the high energy diet performed significantly better than the over low 
energy diet (Table 4.23). 
 
Table 4.24 The influence of treatment interactive effect on mean weight gain (mean±SE), percentage 
weight gain (mean±SE), and specific growth rate (mean±SE) of five genetically distinct Nile tilapia strains 
during a 98-day period.  
Diet Mean weight gain (g) Percentage weight gain (%) Specific growth rate(gday-1) 
High E 66.80a±1.14 1222.42a±21.15 0.0261a±0.0002 
Low E 7.23b±1.14 130.29b±21.15 0.0084b±0.0002 
a, b Different superscripts in columns denote significant differences (p<0.05) 
 
Also, as usual the HE group was significantly different from the LE in all cases for MWG, PWG and SGR.As 
seen in table 4.25. 
 
Table 4.25 The influence of both diets on the mean weight gain (MWG) (mean±SE), percentage weight gain 
(PWG) (mean±SE), and specific growth rate (SGR) (mean±SE) of five genetically distinct Nile tilapia strains 
during a 98-day period. 
 Mean weight gain (g) Percentage weight gain (%) Specific growth rate(gday-1) 
Strain High E Low E High E Low E High E Low E 
S1 65.33b±2.55 7.57c±2.55 1199.21b±47.30 135.05b±47.30 0.0261b±0.0004 0.0086cd±0.0004 
S3 58.12b±2.55 4.99c±2.55 1021.17b±47.30 90.79c±47.30 0.0246b±0.0004 0.0065cd±0.0004 
S4 96.12a±2.55 7.79c±2.55 1735.83a±47.30 138.54c±47.30 0.0296a±0.0004 0.0088cd±0.0004 
S5 61.89b±2.55 7.02c±2.55 1014.10b±47.30 131.60c±47.30 0.0245b±0.0004 0.0085cd±0.0004 
S6 52.55b±2.55 8.76c±2.55 1141.80b±47.30 155.49c±47.30 0.0256b±0.0004 0.0095c±0.0004 
a, b Different superscripts in columns denote significant differences (p<0.05) 
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4.4.4 Yield and Condition Factor 
There was no significant different observed over treatment and strains for edible yield, but S3 (Red tilapia) 
in the high energy diet was significantly lower than all the strains in both environments. Over treatments, 
there was no significant difference. Condition factor recorded significant difference as S3 in the high energy 
diet was higher than the other strains in the group. The same trend was observed in the low energy diet as 
well. S4 and S6 recorded the lowest in the HED while the same trend was observed in the LED. Over 
treatment HED was significantly better than LED, as seen in Table 4.26 and Table 4.27 below. 
 
Table 4.26 The influence of treatment main effect on yield (mean±SE) and condition factor (mean±SE) of 
four genetically distinct Nile tilapia strains during a 70-day period.  
Treatment  Condition factor  Yield (%) 
High E 1.892a±0.003 84.193a±0.53 
Low E 1.703b±0.003 83.323a±0.53 
a, b Different superscripts in columns denote significant differences (p<0.05) 
 
 
Table 4.27 The influence of diets on yield (mean±SE) and condition factor (K) (mean±SE) of five genetically 
distinct Nile tilapia strains during a 98-day period.   
 Condition factor Yield (%) 
Strain High E Low E High E Low E 
1 1.913b±0.007 1,723e±0.007 87.557a±1.19 84.722ab±1.19 
3 2.012a±0.007 1.769d±0.007 79.727b±1.19 81.550ab±1.19 
4 1.825c±0.007 1.658f±0.007 84.972ab±1.19 81.482ab±1.19 
5 1.883b±0.007 1.702e±0.007 85.961a±1.19 84.807ab±1.19 
6 1.826c±0.007 1.663f±0.007 82.749ab±1.19 84.055ab±1.19 
a, b Different superscripts in columns denote significant differences (p<0.05) 
 
4.4.4  Phenotypic correlations  
The same trend was observed in Experiment 2; the phenotypic correlations were all high. The performance 
of the strains were also expressed in terms of the biserial correlation of the measured traits (BW, SL and TL) 
over treatments as an indicator of possible of GxE Interaction. The phenotypic correlations, as displayed in 
Table 4.22, were generally high with values above 0.8 together with high levels of significance (p<0001). 
There were also no re-ranking of strains across the treatments over both experiments.   
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Table 4.22: The biserial correlation coefficient on the influence of diets body weight (BW)(mean±SE), 
standard length (SL) (mean±SE) and total length (TL), (mean±SE) of five genetically distinct Nile tilapia 
strains during a 98-day period.  
Strain Body Weight Standard length Total length 
1 0.884 0.927 0.920 
3 0.931 0.947 0.945 
4 0.881 0.920 0.932 
5 0.864 0.915 0.910 
6 0.729 0.777 0.775 
 
4.4  Discussion 
The purpose of the study was to evaluate the growth performance of genetically unrelated Nile tilapia 
strains fed high and low energy diets respectively, and to establish potential indicators of GxE interaction. 
In Experiment 1 and Experiment 2, treatment groups that received the HE diet exhibited superior growth, 
when compared to the groups that received the LE diet, as evident in the significant differences in the 
respective parameters calculated.  This observation correspond with the findings of Charmantier & Garant 
(2005) who postulated that genotypic variance is expressed at a higher level in optimal environments 
compared to less optimal environments, implying that the LE energy diet did not allow for the expression of 
potential differences between the strains.  
 
The GIFT strain (Strain 4) exhibited superior growth when compared to the other strains in both 
Experiments 1 and 2. This observation is supported by various reports on the GIFT strain having a superior 
production performance over a wide range of locations and production systems. Improvements of up to 85 
percent in growth rate has been reported for the GIFT strain with 10-15 percent genetic gain for harvest 
weight (Eknath, 1995; Eknath et al., 1998; Dey, 2000; Ponzoni et al. 2010; Dunham, 2011).In this study, the 
the manner at which  GIFT strain display superiority over other strains was very significant.For all the 
measured traits GIFT strain performed significantly the best on the HE diet.It grew significantly faster than 
other strains and could thrive well over a wider range of condition as seen in the way it appreciated in  
body fat content even in winter. It is evident in this study that GIFT tilapia has been develop to grow faster 
and appreciate in harvest weight as reported in the literatures.      
The variation observed in the performance of the strains between the two experiments can potentially be 
explained in terms of environmental and genetic factors. Experiment 1 was conducted during summer with 
a slightly higher average water temperature and a longer daylight regime, compared to Experiment 2 that 
was conducted during the winter period. The ability of fish to assess and use the number of daylight hours 
as an anticipatory cue to time seasonal events in their life histories is known as photoperiodism (Bradshaw 
& Holzapfel, 2007). Daily and seasonal variations of photoperiod and temperature enhances reproduction 
and growth development in fish, as evident form the study of Elsbaay (2013) who reported a significant 
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increase in growth in Nile tilapia in relation to photoperiod. Worrall et al. (2011) reported a 14-fold increase 
in barramundi (Lates calcarifer) as a result of their exposure to photoperiod. Several studies  (Boeuf, 1999; 
Boeuf et al., 2001; Biwas et al., 2005; Taylor et al., 2005; Taylor et al., 2006;    Biwas et al., 2008) also 
reported on the significant enhanced growth in rainbow trout (Oncorhynchus mykiss) and red sea bream 
(Pagrus major) when exposed to long daylight hours. All these references corroborate the result obtained 
in this study.   
 
With regard to the measured growth traits (BW, SL, TL) significant differences were observed between the 
strains for all three traits in both experiments on the HE diet. In Experiment 1, Strain 3 had the lowest value 
for body weight on LE diet than the other strains in the group, similarly Strains 3 and 6 in Experiment 2 had 
the lowest values on LE diet than others. As expected, the GIFT strain (S4) maintain superior growth in both 
experiments when receiving the HE diet. A change in rank order of the strains were observed in the two 
experiments but were not statistically significant. 
 
Similar patterns of performance and differences were observed with regard to ADWGBW, ADLGSL, ADLGTL, 
SGR, PWG, and MWG, where growth were expressed as an average performance over time. Here once 
again, Strain 4 as usual performed significantly better than the other strains in this regard in both 
experiments, the only exception being the trait ADWGBW, where Strain 4 did not perform better than Strain 
2, but performed better than Strain 1 and 3. Uraiwan (1988) confirmed that a genetic relationship exists 
between growth rate, age and size at maturity in tilapia. Falconer (1990) and Lynch and Walsh (1988) 
indicated that most phenotypic characters are correlated and that an improvement in one may result in 
positive or negative impact on other traits. It is possible that S2 has superior trait for growth rate as the 
GIFT strain.   
 
With regard to yield, no significant differences were observed between strains for Experiment 1. This is in 
contrast to Experiment 2, where the yield of Strain 3 (Red strain) on the HE diet was significantly lower than 
all the strains on the LE diet.   Although various authors have reported on the slower growth of Red strains 
of O. niloticus compared to wild genotypes (Matricia et al., 1989;  Mun et al., 1996; Macaranas et al., 1997), 
it does not provide an explanation for the lower yield obtained with Strain 3 in Experiment 2, for the other  
genotypes (Strain 2 and 6) also had low yields. With regard to the treatments, the HE diet resulted in a 
significantly higher yield obtained, when compared to the LE diet in Experiment 1, this difference in yield 
was not observed for the HE and LE diets during Experiment 2. The differences observed can potentially be 
attributed to the influence of photoperiod, which is considered as a determinant of growth in fish and 
ultimately raises yield. Photoperiod helps in reducing energy geared towards standard metabolism and thus 
increase the energy reserved for somatic grow (Biwas et al., 2002). Energy and protein are essential daily 
requirements in fish for maintenance and growth (Lupatsch, Kissil & Sklan, 2003). Protein is the only 
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structural component of the muscle tissue that contain nitrogen that plays an important role in causing 
growth in the body of fish and reduces fat storage. Therefore, deficiency in growth observed on the LE diet 
could be that the available protein and energy obtained from the duckweed diet resulted in an energy 
deficit, i.e. that the was little available energy to partition for growth, after all maintenance requirements 
were met. 
 
The condition factor (CF) recorded for the strains in both experiments compared favourably with the 
acceptable range of the species, irrespective of the treatments, such as 1.70 reported by Opiyo et al., 
2014), 1.97 by Akongyuure et al., 2015), and 1.85 -1.89 by Limbu  et al. (2016). There was no significant 
difference in the condition factor between strains for both treatments in Experiment 1, whilst significant 
differences between strains were observed for both treatments in Experiment 2. The differences can 
potentially be attributed to the change in range of temperature. Tilapia species tend to be comfortable and 
perform better at a temperature that varies between 280C and- 300C (Rakocy, 1989). The variation in CF 
observed between both experiments can potentially be ascribed to the higher average water temperature 
(280C) experienced during Experiment 1 that was conducted during mid-summer, compared to the average 
water temperature recorded for Experiment 2 (250C) that was conducted during late autumn. The warmer 
water temperature and the extended photoperiod had a beneficial effect on feed intake, general 
metabolism, and feed conversion of the strains (Boeuf et al., 1999; Gines et al., 2004; Biwas et al., 2005; 
Vera Cruz & Brown, 2009; Carlos et al., 2015).  In conjunction with the beneficial effect of photoperiod on 
feed intake, factors such as age of the plant, water temperature and nutritional content of the water can 
also affect the chemical composition and therefore the nutritional value of duckweed, which in turn could 
possibly have affected the availability of the nutrients in the duckweed (Gerlof  et al., 1965; Culley et al., 
1973; Leng et al., 1995; Saha et al. 1999; Ahammed et al. 2003; Goopy & Murray, 2003).  
 
This study indicated that the consumption of duckweed had a negative effect on the weight gain of 
O. niloticus in both experiments, when compared to the commercial feed provided in the study. When the 
proximate composition and nutritional value of the duckweed compared to the commercial tilapia diet is 
considered (16.25kJ vs. 19.02 kJ, respectively), it is evident that the lower energy content of the LE diet 
resulted in the decreased growth reported for both experiments.  In addition, the consumption of 
duckweed is limited by factors such as a high water content (94.6%), which in turn can reduce the ultimate 
feed intake by the fish in this study due to satiety levels being reached earlier than in the case of 
commercial diet (Gaigher et al., 1984; Gaigher et al., 1986). Gaigher et al. (1984; 1986) reported that 
feeding of duckweed resulted in a reduced feed intake and thus a poor growth rate in fish. The presence of 
air pockets in the leaves that enable the plant to float, further aggravate the problem of fish reaching a 
level of satiety quickly when feeding on duckweed, relative to the time it will take to achieve a fed state 
when a commercial diet is fed.  Goopy et al. (2003) referred to the presence of anti-nutritional factors such 
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as oxalic acid in duckweed that inhibits feed intake and affects the growth performance of fish when 
duckweed is consumed in large quantities.  
 
Reduced growth rates on diets containing duckweed were also reported by Gaigher et al. (1984) for tilapia 
(O. niloticus and O. aureus), with a specific growth rate of 1.84% on a commercial diet compared to 1.19% 
on a duckweed diet. Tavares et al. (2008) reported a specific growth rate for tilapia of 3.72% on a 
commercial diet, 3.30% with a diet that consisted of 50% commercial diet + 50% duckweed, and 3.02% on 
duckweed alone. Iluyemi et al. (2010) also reported a poor specific growth rate for tilapia on a diet of live 
duckweed ranging from 0.77% to 1.42. Attipoe et al. (2009) similarly reported a range of 0.43% to 0.53% for 
tilapia fed on a diet of duckweed.  
 
The lower nutritional value and other negative factors associated with the LE diet could have therefore 
inhibited the growth performance of the strains to such an extent were they could not achieve their full 
growth potential, thus obscuring potential genetic differences between the strains.  Charmantier (2005) 
indicated that the genetic potential of an animal to thrive is better expressed in optimal environments, 
compared to less optimal environments.  (Jinks & Connolly, 1973 & Jinks & Pooni, 1988)  also stated that 
animals tend to be more sensitive to and affected by extreme conditions than non-extreme conditions. 
 
There was no significant difference between the strains or the treatments in relation to the percentage 
survival for both experiments. Survival is not related to growth but rather influenced by environmental 
conditions (e.g. water quality) and management (e.g. handling practices) that can contribute to the cause of 
mortality.  
 
Against the background of significant differences detected in terms of the growth performances of the 
respective strains as well as the highly significant differences in relation to the treatments, the question 
remains with regard to the possible interaction between a given genotype and its environment (GxE 
interaction). The strains were not merely distinctive in terms of geographic origin and genetic relationship, 
but also displayed significant differences in performance in relation to growth traits and parameters during 
both experiments. A first observation was that there were no changes in the rank order of the strains over 
the treatments within the applied range of significance for both Experiment 1 and 2. A consistent change in 
rank order of strains on the phenotypic level can be interpreted an expression of GxE interaction as 
confirmed by Falconer & Mackay (1996) and Lynch & Walsh (1998). In addition, the phenotypic biserial 
correlation coefficients as calculated for the measured traits (BW, SL and TL) were also indicative of the 
absence of a potential GxE interaction, with Strain 6 (Experiment 2) being the only exception. (Robertson 
1959)  considered a correlation of 0.8 as the threshold indicating an absence of a GxE interaction, and 
values below that as an indication of the presence of GxE interaction. Correlations reported for 
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Experiments 1 and 2 were all greater than 0.8, except for S6 in Experiment 2 where a correlation ranging 
from 0.729 - 0.777 were reported.  
 
The intensity and the significance of GxE is affected by genotype, variability of the environmental 
conditions (e.g. locations, husbandry systems, treatments, etc.) and the experimental design. Several 
studies have reported on the absence of significant GxE interactions relating to the growth performance of 
tilapia over a wide range of environmental conditions, including divergent feeding regimes. Results similar 
to this study were reported by Eknath et al. (2007) and Khaw et al. (2009) for harvest weight of O. niloticus 
from earth pond systems reared on low input (manure) and high input (commercial feed) diets, with 
genetic correlations ranging from 0.74 – 0.84. Eknath et al. (2007) detected higher genetic correlations 
ranging from 0.76 - 0.99 in relation to growth of O. niloticus in earth pond and cage culture environments. 
Khaw et al., (2012) also reported genetic correlations of 0.73 – 0.85 for GIFT tilapia (O. niloticus) reared in 
earth ponds and cages for harvest weight. Maluwa, Gjerde & Ponzoni, 2006) also reported a non-significant 
GxE interaction for live weight of O. shiranus reared in freshwater earthen ponds at high (1200 m, 20°C), 
medium (800 m, 23°C) and low (150 m, 27°C) altitudes. (Nguyen et al., 2007) reported a genetic correlation 
almost close to unity (0.96±0.03) for body weight of males and females O. niloticus reared in pond and cage 
systems. Thodesen et al., 2013) reported on a non–significant GxE interaction for harvest weight of O. 
niloticus with genetic correlation of 0.8 reared in fresh and brackish water earthen ponds and floating cages 
in reservoirs (Bentsen et al. 2012) reported genetic correlations for body weight of O. niloticus ranging from 
0.82 – 0.99 reared in earth ponds (fertilized with organic and inorganic manure and agricultural wastes), 
extensive cage culture and in rice-fish polyculture systems, at different agro- climatic locations., whilst 
Khaw et al. (2012) reported on growth of GIFT tilapia with genetic correlations of 0.73 – 0.85 in relation to 
pond and cage environments. Similar reports of high correlations of 0.87 - 0.94 has been reported by 
(Trong et al. 2013) for harvest weight of O.niloticus in cage and pond.  
 
In contrast, various authors  as mentioned below reported on a significant GxE in tilapia species (Romana-
Eguia and Doyle, 1992)  with significant GxE interaction amongst three strains of O. niloticus reared on low 
(rice bran) and high quality feed (commercial feed) reared in brackish and sea water. Charo-karisa, (2006) 
reported highly significant GxE for body weight of O. niloticus in low (manure) and high(commercial feed) 
input systems with genetic correlation of 0.27, whilst (Luan, Olesen & Kolstad, 2008) reported significant 
GxE interactions of genetic correlation of 0.45 for body weight and 0.42 for survival in O. niloticus reared in 
brackish and freshwater environments. Bentsen et al., (2012) reported highly significant GxE interactions of 
genetic correlations range 0.08 -0.43 for body weight of O. niloticus reared in intensive cage culture 
systems based on the use of commercial feeds, compared to extensive ponds and rice-fish polyculture 
systems. These results provide evidence of how the significance of GxE is affected by the specific genotypes 
and environmental conditions even when related to the same traits and species. A comprehensive 
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literature survey provides less evidence of significant GxE for Tilapia species, compared to non-significance 
over a wide range of environmental conditions.  
 
Apart from tilapia species, several studies have also reported on GxE interactions in relation to other fish 
species. Gunnes & Gjedrem, (1978) observed non-significant GxE interaction in growth of Atlantic salmon 
(Salmo salar) with genetic correlation of 0.94 for body weight and 0.93 for length at Southern (610 30’N) 
and Northern (660 2’N) latitudes. Similarly, (Gunnes & Gjedrem, 1981) observed non-significant GxE 
interaction for growth traits in Rainbow  trout (O. mykiss) based on genetic correlations of 0.98 and 
phenotypic correlation of 0.88 between cages systems at Southern (620 7’N) and Northern (690 7’N) 
latitudes along the Norwegian coast. Fishback et al., 2000) establish non–significant GxE interaction genetic 
correlation close to unity for growth of Rainbow trout (O. mykiss) at two different temperatures (8.50C and 
150C). (Kause et al. 2003) found non-significant GxE interaction for growth trait in Rainbow trout (O. mykiss) 
in relation to a recirculating aquaculture system in Freshwater institute, West Virginia, a high-altitude farm 
in Peru and a cold-water farm in Germany. Both authors reported on non-significant GxE interactions on 
the body weight of Pacific white shrimp (Litopenaeus vannamei).  Pérez-Rostro & Ibarra, (2003) reported 
high phenotypic correlation of 0.88 – 0.99 whilst (Gitterle et al. 2005) reported genetic correlations of 0.97 
– 0.99 on body weight for Pacific white shrimp (Litopenaeus vannamei) reared in ponds and tanks with 
different levels of salinity and input (feed). Kolstad., et al 2006) reported on genetic correlations ranging 
from 0.82 – 0.94 for live weight in Atlantic cod (Gadus morhua) on locations at different latitudes along the 
coast of Norway. (Dupont-Nivet et al., 2010) reported non-GxE interaction based on genetic correlations 
ranging from 0.75 - 0.93 for live weight in European sea bass (Dicentrarchus labrax), conducted in four 
different conditions including a freshwater recirculation system in France, ground water fed raceways in 
Israel, estuarine earthen ponds in Italy and tropical seawater cages situated in Portugal. These reports 
provide an overview of non-significant GxE expressed in relation to various species and wide ranging 
environmental conditions, further demonstrating the variable nature and unpredictability of this 
phenomenon. Kause et al. (2003) reported moderate GxE interactions (rg = 0.61) in relation to sexual 
maturity of Rainbow trout (O. mykiss) cultured in fresh and sea water, whilst low GxE interactions was 
reported by (Sylvén, Rye & Simianer, 1991) for body weight of Rainbow trout(O. mykiss) and Atlantic 
salmon (S. salar) salmonids in South and North coast in Norway. These results reveal the significant 
variations of GxE interactions for different traits among different species over a wide range of 
environments. Furthermore, it is an indication that GxE interactions applies to all living organisms. This is 
dependent on traits, genotype, environments studied and the interactions between genotypes. This result 
corroborate the reports of these authors, that different or the same genotypes express different 
sensitivities to change in environmental conditions (Falconer and Mackay, 1996; Laurila & Karttunen, 2002; 
Husby et al., 2010).  
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Sylven et al. (1991) reported significant GxE interaction for body weight in Rainbow trout (O. mykiss) in 0.72 
fresh, 0.58 brackish and 0.72 sea water production systems. Both re-ranking and highly significant GxE 
interaction of genetic correlation of 0.31 – 0.36 have been reported by (Sae-Lim et al. 2013) for growth in 
Rainbow trout (O. mykiss) in recirculating aquaculture system in Freshwater institute, West Virginia, a high-
altitude farm in Peru and a cold-water farm in Germany. In the Common carp (C. carpio), (Moav, R., Hulata, 
G., & Wohlfarth, 1975) and (Gjedrem & Baranski, 2009) observed changes in the ranking order growth traits 
in relation to different pond systems, whilst (Gjedrem, 2005) reported significant GxE for growth traits for 
Common carp (C. carpio) in different pond systems. In Atlantic cod (G. morhua), (Bangera et al. 2015) 
reported low levels of re-ranking for body weight in relation to genetic correlations of 0.81 – 0.96 and 0.81 
– 0.86 in nucleus farm and South and North coast in Norway respectively. These reports provide an 
overview of GxE expressed in relation to various species and wide ranging environmental conditions, 
further demonstrating the variable nature and unpredictability of this phenomenon. 
 
The use of improved strains are key to development in aquaculture. As it is evident in this study, GIFT strain 
an improved strain performed significantly better than the other strains when the performance was 
validated in two input nutritional regimes. Seeing that the condition in which these improved are 
developed are quite different from the condition of the subsistence farming. These improved breed are 
distributed to subsistence farmers for production where their performance are expected to be optimal. 
Seen in context of industry application, it is expected that before a strain is certified for use in aquaculture 
it is essential to confirm the effect of GxE interaction and how this can influence the progress of breeding 
programs. In addition to this robust strains and the use of quality feeds in fish production will be of 
beneficiary to the subsistence farmers in Africa. 
 
4.5 Conclusions  
The study reported on significant differences in production performance between the strains, with the GIFT 
strain consistently performing superior to the other strains included in this study. No clear indication of 
significant GxE interactions in relation to the strains and treatments was established.  
 
The LE duckweed diet cannot be considered as an economically viable food source for fish neither as a 
nutritional platform for selective breeding and genetic improvement programs. 
 
On the basis of the reported results and associated references, the current approach of disseminating 
genetically improved strains of fish that were developed under optimal conditions, to both farmers that 
utilize high and low inputs systems, could be maintained unless specific results are available to confirm the 
presence of GxE. Awareness should nevertheless be raised amongst development officers, extension 
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workers and farmers regarding the potential impact of GxE interaction on the efficiency of genetically 
improved strains in different environments and production systems. 
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Chapter 5 
A comparative assessment of the proximate composition of different Nile tilapia 
(Oreochromis niloticus L.) genotypes under different nutritional regimes 
 
Abstract  
The interaction between an animal’s genotype and its environment (GxE) is important to consider when 
genetically improved strains are suggested for aquaculture production systems in especially Sub-
Saharan Africa. Aquaculture production efficiency can be influenced by GxE interactions, which can 
result in strains to underperforming in specific production systems. A knowledge of GxE interaction will 
assist to ensure that the most suitable strains are proposed for culture systems, ensuring optimal 
production in such systems. This study therefore evaluated the potential influence of GxE on the 
proximate carcass composition of different Nile tilapia strains cultured in high and low input systems. Six 
different Nile tilapia strains were subjected to two nutritional regimes, a high and low energy diet 
respectively, to quantify growth performance and possible GxE during two consecutive experiments. 
The nutritional treatments consisted of a high energy (HE) diet comprised of a formulated commercial 
feed, and a low energy (LE) diet consisting of duckweed (Lemna minor). Experiment 1 entailed the 
provision of the HE and LE diet to four different strains for a 70-day growth period, followed by 
Experiment 2 where the HE diet was fed to five strains for a 98-day growth period. At the end of each 
experimental period, proximate analysis of the carcass composition of the four and five  strains was 
performed to determine the crude protein, ash, moisture and crude fat content of fish that received the 
HE and LE diet, respectively. On a dry matter basis, diet significantly influence the average moisture, ash, 
fat and crude protein (CP) content of fish that received the HE and LE diets. The HE diet group showed 
higher values in fat content (EXPT.1HE:3.99-5.95; LE: 2.24-3.38: EXPT.2HE:5.03-9.28; LE: 0.68-1.43), than 
the LE diet, indicating an improved quality of flesh yield. There were no differences observed in protein 
content of the two treatments with values range of (EXPT.1HE:17.62-19.50; LE: 17.33-18.48; 
EXPT.2HE:16.45-19.06; LE: 15.63-17.62). Moisture and ash contents, respectively, of fish on the LE diet 
were higher than fish on the HE diet (EXPT.1HE:71.35-73.14; LE: 74.49-76.25: EXPT.2HE71.08-72.55; LE: 
71.89-78.70) and (EXPT.1:HE3.67-4.23; LE: 3.21-3.94; EXPT.2HE:3.04-3.55; LE: 3.96-5.27).  Therefore, the 
HE treatment diets provide a more comprehensive source of nutrients that promoted good robust flesh 
quality, whereas this was not observed with the LE diet. In relation to GxE interaction, there was a 
significant difference (p<0.05) between moisture and fat concentrations. An inverse correlation was 
observed between fat and water content, where a decrease in water was associated with an increase in 
fat content. In Experiment 1 there was an association between moisture and fat content (-0.742 – 
0.724), whilst there was no association between ash and protein content (0.285 -0.243). In Experiment 2 
there was an association between all the parameters.  Ash and moisture were negatively correlated, 
while fat and protein were positively correlated. The possible reason could be the influence of seasonal 
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variation and feed type. There was a very high association between moisture and fat, and ash and 
protein with the value range of (0.905 for fat and 0.504 for protein, -0.789 for ash and -0.930 for 
moisture). In this study for Experiment 1 there was an indication of a weak GxE interaction, whilst in 
Experiment 2, there was no indication of a potential GxE interaction. 
 
5.1 Introduction 
Aquaculture in Africa is gradually developing and expanding, including fish and shell fish species that are 
known sources of animal protein, with a marked impact on human health and wealth (FAO, 2009, ;FAO, 
2010).  Nile tilapia (Oreochromis niloticus) has become the second most important farmed and 
aquaculture species of the 21st century (Shelton, 2002), and forms part of the diet of most families all 
over the world. The farming of Nile tilapia is markedly increasing in the presence of the dwindling of 
both marine and freshwaters capture fisheries activities, a need for an affordable protein source and 
balanced nutrition created by an increase in the size of the international human population, and a need 
to generate profits (Fitzsimmons, 2014).  
 
The increase in tilapia production is made possible by the utilization of improved strains of Nile tilapia. 
However, optimal tilapia production is hampered by some factors such as poor quality of stock, which 
invariably affects growth and survival (Brummett & Ponzoni, 2009). In Africa, small-scale tilapia farmers 
rely on extensive farming systems which entails the culture of tilapia in ponds. The production chain of 
this extensive type of tilapia production stops at household food production, with the smaller fish, which 
is not market ready, being sold as fingerlings. Incorporation of such slow-growing tilapia confounds the 
problem of slow growth and increases the incidence of, which both affect the optimal production of 
tilapia in extensive systems. 
 
Selective breeding aimed at improving a species’ production efficiency can be impaired by small 
founding populations, genetic drift, a downgrade of genetic quality through the outcrossing of other 
species, resulting in a reduction in genetic variability and slow growth rates (Bentsen & Olesen, 2002). 
Genetically improved strains can be developed for a specific type of environment and then distributed 
to other environments or can be developed from a local wild type, and then distributed for production 
purposes. Currently the scenario in tilapia production systems entails the propagation and distribution 
of   improved breeds for commercial production, instead of using local wild types. This preference can 
be ascribed to the fact that it is capital intensive to establish new breeding programs for local wild types, 
and the time frame involved to realize dividends from the genetic selection efforts, is too long to ensure 
that this can be considered as an alternative to already improved strains that grow faster and thus are 
more cost-efficient to produce. Successful tilapia improvement was carried out in 1994  for Genetically 
Improved Farmed Tilapia (GIFT) in  The Philippines, to boost growth, the economic gain reported by 
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(Ponzoni, Nguyen & Khaw, 2007) was between 8.5 and 60 whilst 85% growth per generation has been 
achieved.  
 
A limiting factor on the use of improved tilapia genotypes is a potential interaction between a genotype 
and its production environment, also referred to as GxE interaction, which potentially can contribute to 
the variation/non-optimal performance of a strain in one environment and an efficient performance in 
another environment. (Hulata et al., 1993; Eknath et al., 1993 & Eknath et al.,  2007) reported that the 
effect of GxE interactions on the improvement of tilapia carried out in Philippines and Israel was very 
low, and can be disregarded when cost-efficient production is considered. In Africa, the potential impact 
of GxE and the production potential of tilapia still need to be determined, and will require the 
assessment of the relative performance of different strains of Nile tilapia (O. niloticus) in different 
production conditions. 
 
The delivery of a quality product that will meet the demands of consumers has recently become a point 
of interest in fish production systems.  The production of high quality products is also linked to the 
economic return on and affordability of the product, with quality that is mainly determined by the 
carcass or proximate composition.  Carcass quality and composition can amongst others be affected by 
endogenous factors such as genetic make-up, size, sex of the fish and life cycle stage; and diet-related 
factors such as feeding rate, diet composition, feeding frequency, ration level, dietary protein and 
energy levels; as well as exogenous factors that can include amongst others environmental impact, 
temperature, pH, salinity, dissolved oxygen (Shearer, 1994; Ogata  & Shearer, 2000). Shearer (1994) 
reported on factors that influences the proximate composition of fish as exogenous and endogenous 
which could affect fish composition at the same time. When there is a change in the composition of fish, 
examination of the endogenous factors should first be determined before attributing the cause of the 
change to either experimental treatment, environmental or dietary.  The extent of the effect of 
exogenous factors on the proximate composition (body weight and nutrients content) could be 
examined by allometric and isometric relationships. The extent of nutrient deposition is a function of 
body weight. According to (Gardiner & Geddes, 1980), juvenile fish tends to utilized energy obtained 
from a limit energy intake to increase in size rather than storing such energy. This account for the lower 
lipid content and higher moisture content in an extensively cultured fish or fed with low energy content 
feed. Invariably feed efficiency and growth are impaired but does not affect the body composition 
(Gamperl et al., 1988; Miglavs & Jobling, 1989). Fat and moisture are inversely related while protein 
profile do not (Block, 1959). Protein and ash in cultured fish depend on size, whereas lipid tends to 
increase with fish size which is caused by life cycle stage and energy intake. Ash increases slowly as a 
function of body weight when in comparison with protein and lipid, whilst lipid levels increase faster 
when compared to protein and ash. Exogenous factors are responsible for variation in fish size. The 
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genotype of a fish species can potentially affect the extent to which the mentioned factors allow for 
cost-efficient production to be realised, whether it be in intensive or extensive production systems 
(Bosworth, et al., 1998; Anne, et al., 2016).   
 
The analysis of proximate composition of various fish species including Nile tilapia are well documented 
by (Miller & Weil, 1963; Groves, 1970; Omoregiae  & Ogbemudia, 1993 ;Salam & Davies, 1994; Shearer 
1994; Yousif, 1994; Garduno, 1995; Olvera-Novoa et al., 1997; Viola et al., 1988 & Ramseyer, 2016). The 
knowledge and practice of analysing proximate composition of fish gives an insight into the state of 
health of an animal, ensures adequate transfer of nutrient from feed to the fish, and prediction about 
the modification of carcass composition are made possible. Such prediction can be of help in the 
reduction of over feed waste, enhancement of feed efficiency and increases profitability of 
commercially cultured species at a certain body weight (Shearer 1994). 
 
 To the best of our knowledge, no studies have examined the potential influence of GxE on the 
proximate composition of different Nile tilapia strains. Therefore, this study aims to quantify the 
potential influence of GxE to influence the proximate composition of different strains of Nile tilapia 
produced under different production conditions, as well as estimate the phenotypic correlation 
between the two environments. This will assist tilapia producers to qualify and quantify factors that can 
influence the carcass composition and ultimately the production of quality products that will meet 
consumer demands. 
 
5.2  Materials and Methods 
5.2.1  Experimental site and systems 
The experiments were conducted at the Aquaculture Research Section based on the Welgevallen 
Experimental Farm of Stellenbosch University (GPS coordinates:  330 56ꞌ 33” S, 180 51ꞌ 56” E). The 
experiment was conducted in a closed temperature-controlled water recirculation system (RAS) 
consisting of eighty-eight 120L aquaria, with centralized mechanical and bio filtration. A water flow rate 
of 13.6±1.9L/second per tank was maintained throughout the trial, with continuous supplementary 
aeration at ±7mL/second per tank. Water temperature of the RAS system was maintained between 28 
and 30 degrees Celsius, with oxygen levels above 80 % saturation, while levels of ammonia, nitrate and 
nitrite and suspended solids maintained within the optimal range for the species (Boyd, 2004).  
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5.2.2  Experimental animals and design. 
Table 5.1 The unrelated Nile tilapia strains used in Experiment   
 
Strain Origin Location 
Strain 1 Hatchery University of Arizona, USA 
Strain 2 Hatchery University of Arizona, USA 
Strain3 (Red Tilapia) Hatchery University of Arizona, USA 
Strain 4 (GIFT tilapia) Hatchery Thailand 
Strain 5 Hatchery Ghana 
Strain 6 Hatchery Mozambique 
For more detailed information on the hatcheries, please refer to Chapter 3. 
 
On arrival of the strains, fry was quarantine and acclimatized in the quarantine unit of the aquaculture 
experimental farm for four weeks, grown till brood stock for seven months before the commencement 
of the trial. To obtain fish for the experiment, brood stock was allowed to reproduce randomly, care 
taken to ensure that strains did not hybridize. Juveniles were then randomly selected at a synchronized 
age to be allocated to the treatment groups.  
 
The experimental design for Experiment 1 is presented in Table 1.  
 
Table 5.2 The demographic information of the fish used in Experiment 1. 
Strain Repeats per 
Treatment 
Number fish  
per Repeat 
Age  
(days) 
Avg. Initial 
Weight (g) 
Avg. Initial 
Length (mm) 
Strain 1 x4 200 56 5.23g 65.26mm 
Strain 2 x4 200 56 4.67g  62.85mm  
Strain 3 x4 200 56 3.95g  58.72mm  
Strain 4 x4 200 56 4.57g 61.77mm 
Strains (no 5 and 6) that did not produce sufficient numbers of offspring and were hence omitted from  
Experiment 1. For a similar reason Strain 2 was omitted from Experiment 2. 
 
Table 5.3 The demographic information of the fish used in Experiment 2.  
 
Strain Repeats per 
Treatment 
Number fish  
per Repeat 
Age  
(days) 
Avg. Initial 
Weight (g) 
Avg. Initial 
Length (mm) 
Strain 1 x4 200 56 5.55g 66.12mm 
Strain 3 x4 200 56 5.61g 63.49mm 
Strain 4 x4 200 56 5.61g 68.21mm 
Strain 5 x4 200 56 5.74g 68.05mm 
Strain 6 x4 200 56 5.17g 63.32mm 
Brood stock from Strain 2 did not produce enough offspring and was thus omitted from Experiment 2. 
 
Two treatments were conducted during each experiment, in the form of nutritional regimes, namely: 
Treatment Feed Type Source Supplier 
A High Energy Feed Commercial tilapia feed  Aquafeeds (Pty) Ltd 
B Low Energy Feed Lemna minor (duckweed) Welgevallen Experimental 
Farm 
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5.2.3  Feeding and maintenance 
The High Energy treatment groups were fed to satiation on a commercial tilapia feed twice daily 
between the 09:00 and 17:00hrs. The Low Energy treatment group were fed ad libitum twice daily 
between 09:00 and 17:00 leaving enough duckweed in the tanks to ensure a continuous opportunity for 
feeding. The Lemna minor (duckweed) was initially sourced from the University of Stellenbosch 
Botanical Garden and then cultured in outdoor concrete tanks at Welgevallen Experimental Farm, from 
where it was cropped on a daily basis to feed the fish.  
 
Faecal material and food waste were siphoned from the tanks on a daily basis. Physicochemical 
parameters such as water temperature, dissolved oxygen, conductivity and pH were monitored daily 
alongside with the ammonia, nitrate, and nitrite levels. 
 
5.2.4 Carcass proximate analysis 
The carcass proximate analysis was conducted in accordance with the standard procedure of the 
Association of Official Analytical Chemists (AOAC, 2002). A random sample of four fish was collected at 
the end of each experiment from each replicate. Fish were prepared by the removal of the viscera to 
avoid the inclusion of gut contents, ovaries, etc. that could influence the analysis results, especially 
protein values. External fins and heads were also removed to improve homogenization and accuracy of 
analysis of the fish samples. The fish samples/tissues of all four fish per replicate was pooled and 
homogenized in a Hobart meat homogenizer (Hobart Food Equipment, Troy, OH) for 3 minutes, then 
vacuum-sealed and kept frozen at -200C until later analysis. 
 
Total Fat  
Total fat content was determined (AOAC, 2002c) according to the chloroform-methanol extraction 
method (2:1 ratio, prepared by the addition of 1000mL of chloroform and 500ml methanol buffer 
solution) of(Lee et al.,  1996).  A sample weight (SW) of five grams (5g) from each homogenized sample 
were placed in an 800mL glass beaker with 50mL of already prepared buffer solution of chloroform and 
methanol, and blended for 1 min at a moderate speed by using a homogenizer. The homogenate was 
then filtered through a coarse filter paper (Whatman no 1) into a 100mL glass separation funnel. A 
volume of 20mL 0.5% NaCl solution was added and the separation funnel was gently shaken five (5) 
times and allowed to settle until a visible separation occurred. Five (5) ml of the lower chloroform layer 
(CL) of the aliquot containing the fat was then collected by using a 10mL pipet, and transferred to a pre-
weighed glass beaker. The solvent was then evaporated on a sand plate for 30 min, the beaker allowed 
to cool in a desiccator for 30 min, after which it was weighed again to obtain the weight of the 
extracted fat (EF). This procedure was done in duplicate for each sample with the mean used for further 
calculations.  
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Total fat content was calculated as =
(Fat beaker + fat) – (Fat beaker)  × (Chloroform volume)
5×Sample mass
× 100            (8) 
 
Crude Protein  
Protein (nitrogen) content was determined by means of the Dumas method (AOAC, 2002a) using a 
calibrated LECO FP 528 machine. The homogenate residue retained from the fat extraction was placed 
in an oven for five (5) days for the chloroform to evaporate. Thereafter it was crushed in a mortar with a 
pestle.  A 15mg of the crushed sample was then weighed into a foil cup, and the weight recorded by 
computer software. The weighed EDTA samples and the crushed samples were loaded separately into 
the carousel of the LECO FP 528 machine for automatic analysis, and determination of the nitrogen 
value (N). This procedure was done in duplicate for each sample.  
 
The mean N-value was then converted into a crude protein value by means of the formula: 
% Crude protein =  % Nitrogen ×  Protein Conversion factor of 6.25               (9) 
 
Moisture 
The moisture content of each sample was determined by weighing 2.5g of each homogenized fish 
sample (wet weight) into a pre-weighed crucible, and placed in an oven to dry at 105 0C for 48hours 
(AOAC, 2002c). The crucibles were then transferred to a desiccator to cool for 30 min. The weight of the 
moist-free sample (dry weight) was then determined. This procedure was done in duplicates for each 
sample.  
The following formula was used to calculating moisture content: 
Moisture content (%)  =
(Mean Dry weight) × 100
Mean Wet weight
                  (10) 
Dry matter (%)   = 100 −  Moisture content (%)                 (11) 
 
Ash 
Ash content was determined by weighing 2.5g of dried matter (dry weight) into a pre-weighed crucible, 
and placing it in a furnace at 500 0C for 6 hours (AOAC, 2002d). The furnace was then allowing to cool for 
2 hours, whereafter the crucibles were transferred to a desiccator to cool for another 30 min, before the 
final weight was recorded. This procedure was done in duplicate for each sample.  
The ash content of each sample was calculated by using the formula: 
Ash(%)  =
(Mean Dry weight) × 100
Mean Final weight
                   (12) 
Organic material (%)   = 100 –  Ash %                   (13) 
 
5.2.5  Statistical analysis. 
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The means of all the data collected were subjected to one-way analysis of variance (ANOVA) by the 
GLM. The Bonferroni adjustment test at a 95% confidence interval was used to test for the significance 
of variance for all recorded and calculated traits between the two treatments with the aid of SAS 2015 
version 12 and XLSTAT VERSION 2015. Correlation and regression were performed on the data to 
estimate the effect of GxE interaction.  
 
5.3 Results 
The key objectives of Experiments 1 and 2 were to determine the proximate carcass composition of 
unrelated strains of Nile tilapia (O. niloticus) under high and low energy feeding regimes, and to 
elucidate on a potential GxE interaction. Due to differences in the number of strains used in Experiment 
1 and Experiment 2, respectively, the results of the two experiments will be presented separately. 
 
Experiment 1 
The impact of HE and LE diet on moisture, ash, fat and protein is presented in Table 5.4. Over 
treatments no significant differences (p>0.05) were observed in terms of ash and protein content, but a 
significant difference was obtained for fat and moisture as determined by proximate analysis (Table 5.4).  
 
Table 5.4 The influence of diet on the proximate composition parameters (mean ± SEM) of four Nile 
tilapia (Oreochromis niloticus) strain after a 70-day growth period.  
Treatment Moisture (%) Ash (%) Fat (%) Protein (%) 
High E 72.411b±0.36 3.878a±0.14 5.398a±0.28 18.610a±0.34 
Low E 75.621a±0.36 3.537a±0.14 2.923b±0.28 17.926a±0.34 
a, b Different superscripts in columns denote significant differences (p<0.05) 
 
The absence of a significant influence of production environment indicated the absence of interaction 
between the respective strains. Therefore, the main effect only will be considered in the presentation of 
the results obtained for Table 5.5. The strains were not significantly difference from each other because 
there was no interaction between the treatments. 
 
Table 5.5. The influence of diet main effect on the proximate composition parameters (mean ± SEM) of 
four Nile tilapia (Oreochromis niloticus) strain after a 70-day growth period.  
Strain Moisture (%) Ash (%) Fat (%) Protein (%) 
S1 74.573a±0.52 3.719a±0.21 3.685a±0.40 18.477a±0.48 
S2 73.380a±0.52 3.852a±0.21 4.401a±0.40 18.222a±0.48 
S3 73.536a±0.52 3.610a±0.21 4.464a±0.40 18.409a±0.48 
S4 74.576a±0.52 3.648a±0.21 4.094a±0.40 17.964a±0.48 
a, b Different superscripts in columns denote significant differences (p>0.05) 
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Table 5.5 Biserial Correlation of main effect of O. niloticus over 70 day trials based on four replicates per 
treatment. 
 
 
  
 
 
 
The moisture and fat content was inversely related. Whilst protein and ash content was also related but 
at a very low level. The range of values obtained for all the parameters were lower than 0.8 which is an 
indication of weak GxE interaction. 
 
Experiment 2 
There was level of significant difference observed across the treatments groups. For moisture and ash 
content LE diet group differ significantly from HE diet group. For fat and protein content HE diet group 
differ significantly from LE diet group as presented in Table 5.6 
 
Table 5.6 The influence of diet on the proximate composition parameters (mean ± SEM) of five Nile 
tilapia (Oreochromis niloticus) after a 98-day growth period.  
Treatment Moisture (%) Ash (%) Fat (%) Protein (%) 
High energy diet 72.072b±0.23 3.307b±0.08 6.686a±0.19 17.734a±0.20 
Low energy diet 78.221a±0.23 4.543a±0.08 1.116b±0.19 16.451b±0.20 
a, b Different superscripts in columns denote significant differences (p<0.05) 
 
No significant different was observed for ash content among the strains, however S3 had the highest 
moisture value which was significant different from S5 only. S4 had the highest fat content different 
significantly from S3 and S6 but not differ from S1 and S5 respectively. S5 and S6 were significantly 
different from S4 in protein content but not different from other strains. Moisture and ash content in 
experiment 1 are higher than in Experiment 1, whereas fat and protein content are higher in Experiment 
1 where the temperature range differs  (Table 5.7). 
 
Table 5.7 The influence of diet main effect on the proximate composition parameters (mean ± SEM) of 
five Nile tilapia (Oreochromis niloticus) after a 98-day growth period. 
 
Strain Moisture (%) Ash (%) Fat (%) Protein (%) 
S1 75.628ab±0.36 4.152a±0.13 3.927ab±0.31 16.698ab±0.32 
S3 75.825a±0.36 4.013a±0.13 3.494b±0.31 16.872ab±0.32 
S4 74.659ab±0.36 3.696a±0.13 5.189a±0.31 16.246b±0.32 
S5 74.117b±0.36 4.023a±0.13 4.040ab±0.31 17.792a±0.32 
S6 75.503ab±0.36 3.741a±0.13 2.854b±0.31 17.856a±0.32 
a, b Different superscripts in columns denote significant differences (p<0.05) 
 
Variables Treatment 
Moist % -0.724 
Ash % 0.285 
Fat % 0.724 
Protein% 'As is' 0.243 
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Fish that received LE diet had higher moisture compare to HE diet; strains were not different from each 
other on both diet. Similarly, ash in fish on LE diet were higher and significant to HE diet, S1 had the 
highest ash content.  Fat on HE diet were significantly higher than LE diet, S4 had the highest fat content 
over strains. Protein content of the two diet were not significantly different from others in the group 
except for S6 HE diet with the highest value (Table 5.8).  
 
Table 5.8 The influence of both diet on the body weight (mean±SE), standard length (mean±SE), and 
total length (mean±SE) of five genetically distinct Nile tilapia strains during a 70-day period. 
Strain Moisture (%) Ash (%) Fat (%) Protein (%) 
Diet High E Low E High E Low E High E Low E High E Low E 
S1 72.552b±0.51 78.703a±0.51 3.038ef±0.19 5.265a±0.19 6.427b±0.43 1.428c±0.43 17.766ab±0.45 15.629b±0.45 
S3 73.502b±0.51 78.148a±0.51 3.554cdef±0.19 4.471abc±0.19 5.566b±0.43 1.420c±0.43 17.426ab±0.45 16.318b±0.45 
S4 71.080b±0.51 78.237a±0.51 2.970f±0.19 4.422abcd±0.19 9.284a±0.43 1.095c±0.43 16.454b±0.45 16.037b±0.45 
S5 71.338b±0.51 76.896a±0.51 3.454def±0.19 4.594ab±0.19 7.119ab±0.43 0.960c±0.43 17.968ab±0.45 17.616ab±0.45 
S6 71.887b±0.51 79.118a±0.51 3.519cdef±0.19 3.963bcde±0.19 5.031b±0.43 0.677c±0.43 19.057a±0.45 16.654b±0.45 
a, b,c,d,e,f Different superscripts in columns denote significant differences (p<0.05)  
 
Table 5.Biserial Correlation of main effect of O. niloticus over 98 day trials based on four replicates per treatment.   
 
Variables Treatment 
Moist % -0.930 
Ash % 0.789 
Fat % 0,905 
Protein% 'As is' 0,504 
 
In this experiment, the inverse relationship between the percentage of water and fat, and protein and 
ash were also verified. The correlations were very high which an indication of non-significant GxE 
interaction is.  
5.4 Discussion  
The growth rate of fish is determined by the rate at which nutrients is obtained from the breakdown of 
a diet, and are incorporated into the body, with the energy and protein component of the diet 
determining to a large extent on how much nutrients can be allocated to maintenance and growth, 
respectively. Body energy reserves, e.g. in the form of glycogen, does not influence growth rate directly 
but rather indirectly, with glycogen levels that fluctuate according to the metabolic state of the animal 
(fed or fasted state) and being influenced by the weight of the fish, feed type and other physiological 
parameters (Bureau et al. 2006).  
 
The LE diet group had significant moisture and ash content which can be explained by the greater 
percentage of the duckweed plant contain water and ash content of duckweed is higher than that of 
commercial feed (HE diet: 8.32; LE diet: 18.2 while moisture content of wet duckweed: 94.6). The 
nutritional composition of the two diets are presented in chapter 3. From the profile proximate 
composition of the experimental feeds, it was evident that commercial feed possesses higher content of 
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fat, energy and protein content more than the wet duckweed. Whilst higher moist percentage and ash 
characterised live duckweed. Higher percentage of fat inherent in the commercial feed and the energy 
were measures that boost the growth of the strains in all, the proximate compositions of the two diets 
compare favourably. 
 
Differences as observed from both experiments regarding higher content of fat and protein in 
Experiment 1 than in Experiment 2 could be ascribe to seasonal influence and feed intake, (Begum et al., 
2012) reported that protein, fat and water content of fish is influence seasonal variation and feed 
intake. Summer period was characterised by prolong day length that allows continuous accessibility of 
fish to food supply and in returns stimulating growth and good temperature range for fish to thrive 
(Boeuf et al., 1999). Although exposure to continuous feeding without balance ration energy feed and 
efficient food conversion will impair growth as it was the case in LE diet (Boeuf & Le Bail, 1999).  
The type of diet and volume of feed consumed influence to a large extent the live weight of fish. The 
significant differences observed for both experiments can be attributed to the feed type and the genetic 
composition of the different strains. The influence of feed type and genotype on the proximate 
composition of fish products is supported by the findings of (Shearer 1994; Favalora et al. 2002; Flos et 
al 2002, & El-zaeem et al. 2012), who indicated from their studies that the quality of fish products is 
enhanced by feed type, level of dietary intake, genetic makeup, and growth. Several studies also 
reported on the impact of feed composition and genetic makeup on the proximate composition and 
body composition of fish (Adewoye, S.O., Omotosho, 1997; Adewoye et al., 2003; Fawole et al 2007; 
Adeniyi et al. 2012 & Favalora et al. 2002).These previous studies corroborate the findings in this study.  
 
5.4.1 Proximate analysis results 
Fat 
The significantly higher fat content of fish that received the HE diet, when compared to those that 
received the LE diet (HE =9.22% vs. LE= 5.94%) can be ascribed to the ability of the fish to conserve their 
internal fat reserves, thus maintaining body weight more efficiently to allow for optimal growth to 
occur. The results of this study are supported by the findings of (Chowdhury & Bureau, 2009) that tilapia 
that received low protein, low energy diets were inclined to break down internal fat reserves to supply 
in the energy requirement for maintenance, which in turn results in this fat reserves then being replaced 
by water to maintain critical body mass. Ultimately, the protein and energy content of fish diets will 
determine how fish partition this energy into maintenance and growth functions, thus ultimately how 
much energy reserves a fish will be able to build up (Shearer, 1994; Gunther et al 2005). The ability of a 
genotype to grow and produce in a specific type of production system, will in turn be influenced by the 
ability of the genotype to partition energy and protein into maintenance and growth as optimally as 
possible, thus ensuring the production of a quality product that will meet consumer demands. 
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The ability of the fat or lipid component of fish diets to contribute and enhance growth is determined by 
the fatty acid composition of the lipids in question. Several studies indicated that the most important 
growth-related factors in fatty acids are reported linoleic (18:2, n-6), linolinic (18:3, n-3), 
eicosapentaenoic (EPA 22.5, n-3) and decosahexaenoic  (DHA 22.6, n-3), with the latter two factors 
being considered as the most important for growth (Kanazaw, 1977; Kanazawa et al., 1979).  
 
The result obtained on the HE diet group with higher body fat in this study is supported the findings of 
(Karapanagiotidis et al., 2006; De Silva et al.,  2015), which indicated that tilapia receiving commercial 
diets and maintained in intensive and semi-intensive culture systems had a higher body fat content than 
wild type tilapia that were produced in extensive culture systems on natural (LE) diets. Lipid content 
reported by Olagunju et al., (2012) for tilapia zilli were lower compared with HE diet group in this study 
and higher for LE diet. The range for fat reported by Abidi et al., 2011 was intermediate to the fat 
content reported for the HE and LE diets in this study. The range of fat reported by Olopade et al., 2016 
for O.niloticus (0.54) and hybrid tilapia (0.59) were lower than what was obtained in this study. Also, 
lower than the result of this study, Tsegay et al., 2016 reported range of 1.41 -2.35 for female Nile tilapia 
and 1.27 – 2.45 for male Nile tilapia in the experiment which was carried out in lake. The potential of 
genotype to influence an animal’s ability to thrive in a given environment was demonstrated by the 
performance of the GIFT (S4) strain that had the highest fat content at the end of both growth periods, 
which can potentially be attributed to the influence of heterosis. Heterosis allows for a combination of 
various genetic traits to yield a strain that has an improved ability to e.g. cope with environmental 
stresses such as differences in diets and exposure to diseases. The genetic selection employed to 
produce the GIFT strain potentially improved the strain’s ability to accept feed more readily and utilize it 
more efficiently than the other strains in this study, thus resulting in the accumulation of fat reserves in 
the body. However, fish can also respond to low energy diets by continuously consuming feed to ensure 
that their maintenance and energy requirements are met (Boujards and Medale, 1994). Feeds that are  
high in fat promote growth and efficient feed utilization thus leading to  reduction in the excretion of 
the nitrogenous compound which leads to reduction in water pollution (Navarro et al., 2009). When HE 
diet were fed to improved Nile tilapia (GIFT) and Nile tilapia with varying level of fat in the formulation 
of feed (8 and 12 percent) of crude fat, level of fat ranges from 16.88 – 19.00 and 14.89- 20.19 were 
obtained. 
 
However, the average range of fat (0.677- 1.428) obtained from strains on the LE diet were much lower 
than what was observed for strains on the HE diet (5.031 – 9.284) in this study. The fat values (1.47 -
1.58) reported for the extensive culture (i.e. low energy diet) of a wild type of Nile tilapia were in line 
with the values reported (0.67-1.428) in this study for fish that received the LE diet. Lupatsch et al. 
Stellenbosch University  https://scholar.sun.ac.za
95 
 
2001;De Silva et al., 2015;  also observed some variation in the study of fat content of gilt-head bream 
(Spaurus aurata) with ranges from 5.5 – 21.0 percent, with this variation (21.0%) that were higher when 
compared to the results of this study. The range of fat content (5-12 percent) was reported by (Lim et 
al., 2011). The fat content obtained in Experiment 1 were not significantly different from each other but 
in Experiment 2 the fat content of the HE diet was significantly higher than LE deit with S4 possessing 
the highest fat content.. This may be due to water temperature difference between the two seasons 
and the type of the diet.S4 having the highest value in Experiment 2 could be as a result of it genetic 
makeup, Fauconneeau et al., 1991 reported that genetic origin could affect fat content. Fat content was 
also higher in Experiment 1 than 2 which is in line with the report of Santos et al ., 2012 that fat content 
decline during winter. Good fat content of the HE diet make for good growth and quality of the fish.  
 
Protein  
Protein values obtained in this study from strains on the HE diet ranged between 16.454 and 19.057, 
while that reported for the LE diet ranged from 15.629 to17.616 in Experiment 2. The non-significant 
influence of protein content across the two nutritional regimes is an indication that both feed types 
have sufficient protein that can boost protein content in the body of the strains. Lupatsch et al., 2001 
reported constancy protein level of gilt head bream and that fat content changes with growth in fish. 
(Heinsbroek et al., 2007) reported lack of increase in protein content as the size of eel Anguilla anguilla 
increases. Shearer, 1994 reported constancy in protein level in fish regardless of the age less affected by 
dietary factors.  Protein range obtained in this study although within the range and but a bit higher than 
that of Abidi et al., 2011. Protein content obtained from both treatments and experiments are in line 
with the result of De Silva et al., 2015. The result obtained in this study corroborate that of Shearer 
(1994) who stated that protein content of salmonid in the growing phrase is determined only by the 
size, not affected by growth rate, diet or environmental factors. This was consolidated by Ramseyer, 
2002, that protein content of many species of fish increases slowly or remain stable with the increase in 
body weight.The optimum protein requirement of Nile tilapia is dependent on it size, age and water 
temperature. These authors (Hafedh et al.,  1999; Nguyen et al. 2009; El-Saidy et al 2005; Ali et al. 2008; 
Abdel-Tawwab et al., 2010; Gunasekera et al., 1996; NRC., 1993) evaluated the range of protein 
requirement of different category of Nile tilapia, juvenile:32 -50 percent and adult tilapia:25-30 
percent.). Lupatsch et al., (2001) reported constant protein level in gilt-head bream (Spaurus aurata) 
which ranges from 15.7 – 19 percent which was line with this study. The values reported by (Job et al.,  
2015) were within the range of this study. Protein content reported by(Olagunju et al., 2012) for tilapia 
was higher for this study but not higher for S6 in experiment 2. Bombata-Fashina et al., 2012) higher 
range of protein content for Tilapia (18.08 -21.8%) for this study. Protein is an essential class of diet that 
supplies amino acids and nonspecific nitrogen for maintenance and growth. Thus the beneficial impact 
of protein on the product quality is that it improves and increases the size of fish (Shearer, 1994) thus 
Stellenbosch University  https://scholar.sun.ac.za
96 
 
making it more accepted to the consumers. Experience has revealed that fish with more weight and 
flesh quality are more appreciated and purchased by the consumers (personal observation) 
 
Ash 
The non-significant difference was observed in Expt.1 for ash (3.610 -3.852) because there was no 
interaction among the strains which could be attributed to the feed types in relation to the nature of the 
prevailing season (summer) as at the time of the experiment. The crude ash reported for both HE (2.970 
– 3.554) was significantly lower than LE (3.963 – 5.265) in this study which could be attributed to feed 
type and season. These values were far higher than the value reported (0.73 -1.38) by (De Silva et al., 
2015) also the result obtained in the study of feeding rate conducted by (Abidi et al.,  2009) on the body 
composition of fingerling of Indian major carp, Catla catla reported range of ash (3.65±0.03-4.97±0.02) 
in line with the present study.  
 
The results of Job et al., 2015 corroborate the findings of this study.  The dietary ash seems not to have 
effect on the ash content of fish and can be lower than normal body ash in as much as other essential 
elements are adequately present in the feed (Kirchgessner et al.,  1986; Shearer & Hardy, 1987;(Shearer 
et al.,  1992). In essence, ash does not really influence product quality of fish. In fact, higher level of 
dietary ash can be deleterious in reducing the available dietary lipid and directly reducing stored lipid in 
the body of fish (Shearer, 1994).  
 
Moisture 
In relation to moisture content of the strains in the two environments, an inverse relationship was 
observed between fat and moisture content. This can potentially be attributed to the feed type, in that 
body composition of tilapia was compromised in relation to the diet composition (Garduño-Lugo et al.,  
2003). The strains on the HE diet were characterised by a lower carcass moisture content, when 
compared to strains on the LE diet. According to Santos et al. (2012), a lower moisture content is 
indicative of optimal growth in fish. Fauconneau et al., 1995 reported that the percentage of fat, protein 
and energy content appreciated as water content reduces while the body weight increases. The 
moisture values reported by Job et al., 2015 were higher than the result of this study. Result of Olagunju 
et al., 2012 corroborate the range of moisture content (78.07%) obtained for this present study. The 
work of (Abidi et al.,  2011) (73.72±0.03 – 78.33±0.03) was in line with this study  
 
Water content of the fish plays a significant role in fish spoilage. Fish flesh contain up to 80% of water 
(APHA, 1992; Ayyappan et., 2006). The high content of water present in fish and nutrient makes fish 
susceptible to chemical decomposition and degradation paving way for the activities of bacterial in 
causing spoilage when the fish dies. Similarly the use of feed with high percent of water further increase 
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the rate of spoilage, affect flesh quality and size. Good quality and size of fish are appreciated by the 
consumers. Product quality is negatively affected by a high water content (Modibbo et al., 2014).Good 
quality feed are key to development and success in fish industry.  
 
5.4.2 Phenotypic correlation 
Significant differences in correlation between moisture and fat content (-0.724 - 0.724) was observed, 
the higher content of fat was linked to decrease in the moisture content of the feed in both 
experiments. Protein and ash were not correlated in Experiment 1, which is supported by the findings of 
a study on rainbow trout by (Tobin et al., 2006) and European whitefish by (Krause et al.,  2011). The 
biserial correlation reported in Experiment 2 for moisture and fat content (-0.930 to -0.905), and 
between ash and protein (-0.789 to-0.504) in this study are higher than what was reported (-0.13 to -
0.19) by (Hamzah et al., 2016). In Experiment 1 there was no interaction the strains and the treatments 
between the two treatments. There were interactions and re ranking of the genotypes across the 
treatment groups for both experiments. 
 
The non- interactive effect observed among all the parameters in experiment one might be attributed to 
the change in temperature as at the time of the trial. The values obtained were only low for protein and 
ash in experiment 1 whilst correlation between moisture and fat were moderately high indicating the 
presence of GxE interaction. In experiment two the correlations were high for all the parameters 
analysed, therefore it connotes the absence of GxE interactions. It could be seen in this study that 
season can impact on the body composition of fish which can influence the quality of the product 
produced. Also this change in season can cause possible presence of GxE interactions. Little evidence 
could be found to support or refute the findings from this study. 
 
5.5 Conclusions 
The HE diet resulted in a higher body fat content of fish in the treatment groups. The potential of 
genotype to influence body composition was evident for the GIFT strain in Experiment 2, which was 
characterised by the highest fat content, and the lowest moisture and ash content, which boost the 
growth rate. 
 
Good composition of feeds and cultural practices leads to better quality product. The balance 
proportions of the proximate composition as observed in HE diet that promote good growth and protein 
require for muscle maintenance can impact positively on the meat product quality and can be presented 
as high-quality food. From the findings of this study It is evident that LE diet is not a good growth 
promoter which confirmed that fresh duckweed cannot produce good quality of product and growth. No 
evidence of GxE interaction was observed in Experiment 2.It is therefore of a high importance that in 
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fish industry farmers should endeavour to utilise good quality feed that will enhance fast good growth, 
harvest weight and add value to the quality of the edible meat. This has positive economic impact on 
the production in the sense that fish grow to table size in a shortest possible time and are quickly sold 
and turnover and returns are made. In relation to consumer preference, good quality product is of great 
importance as is seen in good proportion of protein and fat content in this study.Enhancing nutritional 
quality of the product making it more appealing to consumers. Conclusively from this study the use of 
quality feeds can economically sustain and is suitable for in fish production in Africa. 
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Chapter 6 
The influence of nutritional regime on the haematological parameters of different 
Nile tilapia (O. niloticus L.) strains 
 
Abstract 
Genotype x environment interactions (GxE) are inevitable in tilapia production systems, and forms the basis on which 
the performance of strains in different environments is quantified. Analysis of blood parameters is a way to assess the 
wellbeing of animals, providing an indication of stress levels. Six Nile tilapia (O. niloticus) strains were subjected to two 
nutritional regimes to quantify growth performance and possible GxE interaction during two consecutive experiments. 
The two nutritional treatments were a high energy (HE) diet consisting of a formulated commercial feed and a low 
energy (LE) diet of duckweed (Lemna minor). Experiment 1, conducted during summer, evaluated the influence of the 
HE diet on the haematological profile of the strains of a 70-day period, compared to Experiment 2 that was conducted 
during, where the influence of diet on the performance if six unrelated Nile tilapia strains was evaluated over a 90-day 
period. Blood samples were only collected from the strains on the HE diet, for the strains on the LE diet did not exhibit 
sufficient growth to allow for blood sampling to be carried out. The inability to collect blood samples from the strains 
on the LE diet highlights the importance of the diet, which ultimately can influence the composition of blood. Non-
balanced diets given to fish can be hazardous to the health, although it may not cause mortality, even though growth is 
inhibited. The performances and the wellness of the respective strains were assessed by determining the rate of change 
in the haematological parameters (RBC, HGB, HCT, MCV, MCH, MCHC, WBC.NEU, LYM, MONO, EOS, and BASO). 
Significant differences were recorded for MCV, MCH, MCHC, WBC, NEU, LYM, MONO and EOS in both experiments, 
whilst no significant differences were recorded for RBC, HGB and HCT in all the strains. A correlation was established to 
compare the degree of association among the strains and the haematological parameters. A very high positive 
correlation was observed among RBC, HGB and HCT, while the rest of the parameters were either positively or negatively 
moderate to weak correlated. The same trend was also observed in Experiment 2. This study demonstrated well 
adaptability and good health of the different strains across the two seasons.  
 
6.1 Introduction 
Nile tilapia (O. niloticus) is a preferred fish species, and is cultivated all over the world, including in Africa. O. 
niloticus, Nile tilapia’s ability to adapt to a wide range of environmental conditions and husbandry systems, 
suitable quality and market acceptability (Teichert-Coddington et al, 1997; El-Sayed, 2006), ability to 
consume variety of natural food, plants source and commercial feed, ability to grow very fast and spawn 
easily in captivity has given it  a distinctive mark for excellent culture, which increased in  supply from 970 756 
metric tonnes in 2000 to 3 436 526 metric tonnes in 2013 (Eknath and Acosta, 1998; Ponzoni et al., 2010 & 
FAO, 2015). Nevertheless, Nile tilapia production especially in Africa has been limited as a result of some 
factors such as the use of genetically unimproved strains and inadequate management practices among 
others. It was reported by (Gjedrem & Kolstad, 2012) that not up 10% of improved strains such as Nile tilapia 
is utilized in farming. Production is based on the use of undomesticated stock which are sometimes 
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genetically inferior to wild types, and this contributes to  the poor yield and lack of genetic variation being 
experienced in tilapia culture systems (Brummett et al., 2004; McAndrew & Napier, 2011). There is an 
abundance of these wild genotypes in water bodies in Africa that can be harnessed through selective 
breeding therefore becoming useful for aquaculture, improving food security and economy in Africa. 
 
In recent times aquaculture has gained popularity as the fastest growing fish food sector all over the world 
supplying fish (animal) protein to the world population. Increase in  constant supply of fish and sustainability 
advocated for, in securing fish food  in the world presently, it is  believed  that it will come  from the use of 
improved strain in fish farming (Ponzoni, Nguyen & Khaw, 2007 & Dunham, 2011). Genetically improved 
strains such as the development of Genetically Improved Farmed Tilapia (GIFT) among others  has 
significantly contributed to the growth of tilapia production in Asia with 85% growth rate compare to the 
conventional tilapia species (Eknath et al.1993; Eknath and Acousta, 1998). Nile tilapia production have been 
greatly improved contributing immensely to aquaculture development in this era. 
 
Genetic improvement (selective breeding) of fish species is done on an international basis and distributed to 
other locations to be produced in conditions that are different from the conditions where they propagated 
or developed in, which in turn can affect production performance as a result of GxE interaction. 
 
A GxE interaction might affect improved strains distributed into wide range of production systems not similar 
to the place of origin. This can lead to inability of strains to develop well in a culturing environment which 
might expose them to stress which is the main problems associated with selective breeding among others 
(Brink, 2004). Effect of GxE interaction is driven by the variations and re-ranking that occur in genotype in 
the various environment (Swan, et al., 2007). Knowledge of GxE interaction reveals the rate at which genetic 
gain in selective breeding can be acquired and in the presence of GxE interaction genetic rank of animals 
might change whereby the performance of animal can be optimal in one environment and not optimal in 
another environment (Mulder & Bijma, 2005; Falconer & Mackay, 1996). Re-ranking of animal reduces 
genetic gain therefore impairing the aim of genetic improvement program (GIP) in fish production. This 
implies that separate breeding programs might be required for each desired production environment (Lynch 
& Walsh, 1998; Swam et al, 2007) thus increasing the cost effectiveness of GIP. (Moav, 1973) reported re-
ranking of carp strains when compared in two seasons. Mulder & Bijma (2005) reported on the influence of 
GxE interaction on the genetic gain, who also recommended that the result of genetic gain in breeding 
program should be based on break even genetic correlation approach. While Robertson, (1959) postulated 
that genetic correlation of less than 0.8 of two environments should be treated as significant.   When fish are 
reared in an unconducive or poor environment and diet genetic growth potential tends to decrease therefore 
adequate knowledge of GxE interaction will help aquaculturists to apply the best approach at improving 
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strains that will best suit different culturing environments to promote constant and abundance fish 
production.  
 
Haematology is the study of numbers and morphology of the cellular elements of the blood i.e. the red blood 
cell (erythrocytes), white cells (leucocytes), and the platelets (thrombocytes), and how to use these 
parameters for the diagnosis and monitoring of disease (Merck, 2012). The reaction  of animals to their 
environments are revealed in the ecological and physiological nature of the haematological studies (Ovuru & 
Ekweozor, 2004). Haematological parameters are indexes used to ascertain fish health in a given condition 
and it ensures the relationship of blood characteristics to their environments. It is used as stress detector in 
disease conditions in fish. Since fish are poikilothermic animal, stress and disease conditions are indicated by 
haematological parameters. A normal blood profile  promotes growth and health in fish, whilst performances 
of strains can be hampered through changes in blood constituents caused by either genetic and non-genetic, 
biological and environmental factors, which may include nutrition (diet), sex, pH age, diseases, parasites, 
dissolved oxygen, water temperature sexual maturity, strains, contaminants, salinity, pollutants and 
management practices (Santos & Egami, 2009; Akinrotimi et al.,  2010; Affonso et al.,  2002; Fazio et al.,  
2012; Charoo, 2013; Charoo, 2014; Etim et al., 2014). When blood parameters are not present in good 
proportion they can adversely affect normal blood parameters. Abnormal blood parameters are indicative of 
stress caused by any above mentioned factors which invariably affect fish quality and wellness.  The 
knowledge and application of haematology could be of help in the selection of genotypes that have resistance 
towards known diseases and environmental conditions and combination of good and balanced rations 
(Mmereole, 2008; Isaacs et al. 2013) in other words promoting good health and performance.  
 
There are many means by which fish under culture conditions can be stressed, which ultimately can lead to 
a decrease in production. Haematological studies can be used to describe the changes in blood composition 
that can occur during for example a change in environment or diet, and thus also to determine whether fish 
are stressed in certain conditions. This study therefore aimed to determine the potential influence of GxE 
interaction (adaptation) on the haematological profile of different strains of Nile tilapia (O. niloticus) in two 
management systems, and the estimation of any genetic correlation between the two seasons. 
 
6.2  Materials and Methods  
6.2.1  Experimental site and systems 
The experiments were conducted at the Aquaculture Research Section based on the Welgevallen 
Experimental Farm of Stellenbosch University (GPS coordinates:  330 56ꞌ 33” S, 180 51ꞌ 56” E). The experiment 
was conducted in a closed temperature-controlled water recirculation system (RAS) consisting of seventy-
two 120 L   aquaria, with centralized mechanical and bio-filtration. A water flow rate of 13.6±1.9L/second per 
tank were maintained throughout the trial, with continuous supplementary aeration at ±7mL/second per 
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tank. Water temperature of the recirculation aquaria system  was maintained between 28 and 300c with 
oxygen levels above 80% saturation, while levels of ammonia, nitrate and nitrite and suspended solids 
maintained within the optimal range for the species (Boyd, 2004).  
 
Experiment 2 was conducted in a temperature-controlled RAS that consists out of eighty-eight 90 L plastic 
tanks. A constant water flow of 13.2 ± 1.6L per second, supplemented by aeration at ±7mL/second, was 
maintained throughout the trial, with average temperature of 250c and 80% of oxygen saturation. Ammonia, 
nitrate and nitrite and suspended solids were also maintained within the optimal range for the species. 
 
6.2.2.  Experimental animals and design  
The six unrelated Nile tilapia strains that were imported for the study is presented in Table 6.1. 
 
Table 6.1 The origins of the unrelated Nile tilapia strains used in the study. 
Strain Origin Location 
Strain 1 Hatchery University of Arizona, USA 
Strain 2 Hatchery University of Arizona, USA 
Strain3 (Red Tilapia) Hatchery University of Arizona, USA 
Strain 4 (GIFT tilapia) Hatchery Thailand 
Strain 5 Hatchery Ghana 
Strain 6 Hatchery Mozambique 
 
Water quality parameters were monitored daily throughout each experiment. For more details, refer to 
Chapter 3. 
 
6.2.3.  Experimental animals and husbandry 
A total of twenty-five (25) fish per replicate were randomly allocated to each treatment group.   The average 
weight of the fish at the onset of the 70-days growth trail were S1 = 5.23g±0.09g, S2 = 4.67g±0.09g, S3 = 
3.95g±0.09g and S4 = 4.47g±0.09g, respectively for Experiment 1. 
 
Table 6.2 The unrelated Nile tilapia strains used in Experiment 1. 
Strain Origin Location 
Strain 1 Hatchery University of Arizona, USA 
Strain 2 Hatchery University of Arizona, USA 
Strain3 (Red Tilapia) Hatchery University of Arizona, USA 
Strain 4 (GIFT tilapia) Hatchery Thailand 
 
 For Experiment 2, Strain 2 failed to spawn, therefore only fry obtained from strains S1, S3, S4, S5 and S6 
were used in this part of the study (Table 6.3) 
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Table 63 The unrelated Nile tilapia strains used in Experiment 2. 
Strain Origin Location 
Strain 1 Hatchery University of Arizona, USA 
Strain3 (Red Tilapia) Hatchery University of Arizona, USA 
Strain 4 (GIFT tilapia) Hatchery Thailand 
Strain 5 Hatchery Ghana 
Strain 6 Hatchery Mozambique 
 
6.2.4  Experimental diets 
The HE treatment groups were fed to satiation on a commercial tilapia feed twice daily between 09:00 and 
17:00. The LE treatment group were fed ad libitum twice daily between 09:00 and 17:00, ensuring that 
enough duckweed was available in the tanks to ensure continuous feeding (not an energy food). The 
duckweed was initially sourced from the University of Stellenbosch Botanical Garden and then cultured in 
outdoor concrete tanks at Welgevallen Experimental Farm, from where it was cropped on a daily basis to 
feed the fish. Faecal material and food waste were siphoned from the tanks on a daily basis. Physicochemical 
parameters such as water temperature, dissolved oxygen, conductivity and pH were monitored daily 
alongside with the ammonia, nitrate, and nitrite levels.  
 
6.2.5  Collection of blood samples and haematology assay 
Blood samples were collected at the end of each experiment from randomly selected fish (n=8) from each 
replicate of the HE diet treatment.  Due to the low effective growth rate of the LE group, the blood samples 
collected from the LE treatment groups were too small to allow for the haematological analysis to be carried 
out.  
 
Fish were anaesthetized before the collection of the blood samples, as described in chapter 3. Each blood 
sample was collected from the caudal vein by using a 3mL sterile heparinized hypodermic syringe fitted with 
a 21 gauge disposable hypodermic needle (Affonso et al., 2002).  To prevent blood clotting the syringe was 
rinsed with a stock solution (5mL heparin dissolved in 500mL saline solution) prior to the sampling. The blood 
sample collected from each individual fish was then transferred into individual sterilized 6mL Vacutainer 
tubes containing ethylene-diamine-tetraacetic-acid (EDTA).  
 
Each blood sample in the EDTA bottles were then centrifuged by centrifuge unit connected to automated 
Hematology Analyzer. Each centrifuged sample was then analysed by using an automated Abbot CELL-DYN 
Hematology Analyzer (model 3700) to determine haemoglobin (HGB), lymphocytes (LYM), monocytes 
(MONO), eosinophils (EOS), basophils (BASO), neutrophils (NEU) platelets, red blood cell (RBC), packed cell 
volume (PCV), mean corpuscular volume (MCV), mean corpuscular haemoglobin (MCH), mean corpuscular 
haemoglobin concentration (MCHC) and white blood cell (WBC) counts.  
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6.2.6  Statistical Analysis  
One-way analysis of variance was used to analyse the data. Differences between means were separated by 
Bonferroni adjustment t-test at p<0.05 significance level of Factorial analysis was used to determine the 
interactions between the strains and the treatments quantifying the effect of G×E, at p< 0.05 significant level 
for both experiments. Analyses were performed using SAS for Windows version 9.3 and XLSTAT 2015. 
 
6.3 Results 
The haematological parameters of O. niloticus strains that received the HE diet in Experiment 1 are presented 
in Table 6.1. 
 
Experiment 1 
In the Experiment 1 the highest mean red blood cell concentration (RBC) recorded was for S1 
(2.142±0.04×1012/L), compared to the lowest RBC that was recorded for S3 (1.970±0.04×1012/L) (p<0.05). . 
The same trend was observed in the Haematocrit, S4 performed significantly better than S3 only.     
 
Table 6.1 Haematological parameters (mean±SE) between O. niloticus strains fed a commercial diet for 70 
days. 
Parameter Strain1(S1) Strain2 (S2) Strain3 (S3) Strain4 (S4) 
Red blood cell (1012/L) (RBC) 2.142a±0.04 2.033ab±0.04 1.970b±0.04 2.067ab±0.04 
Haemoglobin (g/dl) (HB) 11.632a±0.23 11.668a±0.23 11.015a±0.23 11.754a±0.23 
Haematocrit (HCT) 31.328ab±0.61 30.231ab±0.61 29.425b±0.61 32.012a±0.61 
Mean corpuscular volume (FL) 
(MCV) 
146.5b±1.16 148.96b±1.16 149.71b±1.16 155.18a±1.16 
Mean corpuscular haemoglobin 
(pg) (MCH) 
54.393a±0.41 57.406a±0.41 56.034a±0.41 56.984b±0.41 
Mean corpuscular haemoglobin 
concentration (g/dL) (MCHC) 
37.178b±0.30 38.559a±0.30 37.468ab±0.30 36.746b±0.30 
White blood cell (109/L) (WBC) 2.780ab±0.21 2.515b±0.21 1.086c±0.21 3.385a±0.21 
Neutrophils (% of WBC) (NEU) 7.00bc±4.91 31.357a±4.91 2.341c±4.91 22.867ab±4.91 
Lymphocytes (% of WBC) (LYM) 66.928b±4.35 43.802c±4.35 84.837a±4.35 53.143bc±4.35 
Monocytes (% of WBC) (MONO) 21.020a±2.81 18.743a±2.81 6.303b±2.81 18.410a±2.81 
Eosinophils (% of WBC) (EOS) 1.052b±0.30 2.229a±0.30 3.046a±0.30 1.072b±0.30 
Basophils (% of WBC) (BASO) 4.019a±0.98 3.874a±0.98 2.478a±0.98 4.507a±0.98 
 a, b Different superscripts in columns denote significant differences (p<0.05) 
 
The MCV of GIFT strain differed significantly from the rest of the strains, with the lowest values reported for 
the GIFT strain.  The MCHC of S2 only differ from S1 and S4, respectively. The white blood cell concentration 
(WBC) of the GIFT strain differed significantly from the other strains..  The neutrophil concentration recorded 
for S1 and S3 were distinctly lower (p<0.05) than reported for S2 and S4. S3 had the highest percentage of 
LYM and was significantly different when compared with others, whilst MONO and BASO were not 
significantly different from each other in comparison, but EOS of S2 and S3 were significantly different from 
S1 and S4. 
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A correlation analysis was carried out to compare the degree of association among the different strains and 
the haematological parameters as presented in Table 6.2 and 6.4, respectively.  
 
Table 6.2 The correlation coefficient of haematological parameters on the influence of diets over strains of four 
genetically distinct Nile tilapia strains during a 70-day period.  
Variables RBC HGB HCT MCV MCH MCHC WBC NEU % LYM % MONO % EOS % BASO % 
RBC 1 0.135 0.185 -0.065 -0.047 -0.019 0.084 -0.014 0.035 -0.025 -0.018 -0.025 
HGB 0.135 1 0.723 -0.061 0.535 0.600 -0.056 0.043 0.021 -0.077 -0.225 0.131 
HCT 0.185 0.723 1 0.106 -0.080 -0.117 0.314 0.070 -0.152 0.174 -0.342 0.122 
MCV -0.065 -0.061 0.106 1 0.271 -0.214 -0.037 -0.106 0.132 -0.067 -0.002 -0.004 
MCH -0.047 0.535 -0.080 0.271 1 0.864 -0.452 -0.058 0.254 -0.338 0.081 0.049 
MCHC -0.019 0.600 -0.117 -0.214 0.864 1 -0.450 -0.014 0.204 -0.314 0.076 0.048 
WBC 0.084 -0.056 0.314 -0.037 -0.452 -0.450 1 0.048 -0.236 0.352 -0.283 -0.014 
NEU % -0.014 0.043 0.070 -0.106 -0.058 -0.014 0.048 1 -0.699 -0.108 0.034 -0.218 
LYM % 0.035 0.021 -0.152 0.132 0.254 0.204 -0.236 -0.699 1 -0.602 -0.054 -0.109 
MONO % -0.025 -0.077 0.174 -0.067 -0.338 -0.314 0.352 -0.108 -0.602 1 -0.122 0.163 
EOS % -0.018 -0.225 -0.342 -0.002 0.081 0.076 -0.283 0.034 -0.054 -0.122 1 -0.124 
BASO % -0.025 0.131 0.122 -0.004 0.049 0.048 -0.014 -0.218 -0.109 0.163 -0.124 1 
 
The correlation coefficient used as an indication of GxE interaction showed that there no association between 
most of the blood parameters analysed (RBC, MCV, NEU, LYM, MONO and BASO). Whereas, a high association 
was observed between HCT and HGB;MCHC and  MCH. In general terms there is influence of GxE. 
 
Experiment 2 
 
The haematological parameters recorded for the strains on the HE diet are presented in Table 6.2. 
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Table 6.3 Haematological parameters (mean±SE) between O. niloticus strains fed commercial diet for 98 
days. 
Parameter Strain1 Strain3 Strain4 Strain5 Strain6 
Red blood cell (1012/L) 
(RBC) 
1.969 a±0.04 1.761b±0.03 1.975a±0.03 1.908ab±0.04 1.842ab±0.04 
Haemoglobin (g/dl) (HB) 10.966b±0.21 10,521b±0.18 
 
11.870a±0.18 11.181ab±0.24 10.876b±0.27 
Haematocrit (HCT) 32.529ab±0.65 30.487ab±0.48 32.818a±0.55 30.848ab±0.71 30.228b±0.68 
Mean corpuscular volume 
(FL) (MCV) 
165.516b±1.48 173.437a±0.76 165.906b±1.25 161.724b±1.81 164.562b±1.03 
Mean corpuscular 
haemoglobin (pg) (MCH) 
55.793b±0.37 59.912a±0.86 59.756a±0.51 58.689a±0.66 58.903a±0.77 
Mean corpuscular 
haemoglobin 
concentration (g/dL) 
(MCHC) 
33.748c±0.21 34.525bc±0.47 36.221a±0.31 36.327a±0.28 36.028ab±0.49 
White blood cell (109/L) 
(WBC) 
1.704ab±0.16 1.248bc±0.14 2.145a±0.13 1.623abc±0.16 1.046c±0.14 
Neutrophils (% of WBC) 
(NEU) 
21.957a±5.95 1.642b±0.33 16.169ab±5.12 8.488ab±3.88 9.455ab±3.38 
Lymphocytes (% of WBC) 
(LYM) 
47.164c±5.13 92.159a±1.38 67.318b±5.86 66.433b±5.28 69.967b±4.26 
Monocytes (% of WBC) 
(MONO) 
25.541a±3.92 1.109c±0.25 10.431ab±3.41 14.905ab±3.56 14.469ab±3.07 
Eosinophils (% of WBC) 
(EOS) 
3.356a±0.82 2.620a±0.50 4.180a±0.73 2.765a±0.44 3.875a±0.87 
Basophils (% of WBC) 
(BASO) 
1.949b±0.42 2.467b±0.93 1.899b±0.52 7.414a±1.83 2.235b±0.63 
a, b Different superscripts in columns denote significant differences (p<0.05) 
 
In Experiment 2, RBC concentrations were significantly different among strains, S1 and S4 had the highest 
values which differed from S3. The HB mean value in contrast to   Experiment 1 were significantly different 
also among the different strains; S4 differed significantly from S1, S3 & S6. 
 
When the haematocrit values were considered, in most cases the strains did not differ in terms of HCT, whilst 
the most significant difference was reported between the GIFT strain and strain S6. Strain S3 had the highest 
MCV (p<0.05), which differed from all the other strains. When the MCH was considered, strain S1 had lower 
levels (p<0.05), compared to the other strains. The highest mean corpuscular haemoglobin concentration 
was reported for the GIFT strain and strain S5, when compared to the S1 strain, which had the lowest levels 
(S4: 36.221±0.31; S5: 36.327±0.28 vs. S1: 33.748±0.21; p<0.05). 
 
When the leukocyte concentration between the stains were compared, the GIFT strain had significantly 
higher levels than strains S3 and S6 (S4: 2.145±0.13 vs. S3: 1.248±0.14 and S6: 1.046±0.14; p<0.05). The highest 
neutrophil concentration was reported for Strain S1, whereas the lowest NEU concentration was reported for strain S3 
(S1: 21.957±5.95 vs. S3: 1.642±0.33; p<0.05). The highest lymphocyte concentration was reported for Strain S3, when 
compared to the other strains (Table 6.3). The highest monocyte concentration was reported for strain S1, compared 
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to strain S3, for which the lowest levels were reported (S1: 25.541±3.92 vs. S3: 1.109±0.25; p<0.05). Strains did not 
differ in terms of the eosinophil concentration (Table 6.3; p>0.05). the highest basophil concentration was reported for 
strain S5, whilst the other strains did not differ in terms of the basophil concentration (Table 6.3). 
 
Table 6.4 The correlation coefficient of haematological parameters on the influence of diets over strains of five 
genetically distinct Nile tilapia strains during a 98-day period 
Variables RBC HGB HCT MCV MCH MCHC WBC NEU % LYM % MONO % EOS % BASO % 
RBC 1 0.845 0.908 -0.363 -0.332 -0.046 0.395 0.114 -0.205 0.209 -0.342 0.112 
HGB 0.845 1 0.838 -0.151 0.191 0.347 0.398 0.023 -0.093 0.143 -0.325 0.127 
HCT 0.908 0.838 1 0.058 -0.193 -0.218 0.402 0.067 -0.158 0.197 -0.355 0.117 
MCV -0.363 -0.151 0.058 1 0.369 -0.375 -0.038 -0.114 0.142 -0.069 0.001 -0.013 
MCH -0.332 0.191 -0.193 0.369 1 0.680 -0.013 -0.137 0.189 -0.134 0.048 0.025 
MCHC -0.046 0.347 -0.218 -0.375 0.680 1 0.013 -0.068 0.100 -0.084 0.036 0.028 
WBC 0.395 0.398 0.402 -0.038 -0.013 0.013 1 0.088 -0.161 0.198 -0.302 0.010 
NEU % 0.114 0.023 0.067 -0.114 -0.137 -0.068 0.088 1 -0.719 -0.104 0.033 -0.223 
LYM % -0.205 -0.093 -0.158 0.142 0.189 0.100 -0.161 -0.719 1 -0.582 -0.071 -0.114 
MONO % 0.209 0.143 0.197 -0.069 -0.134 -0.084 0.198 -0.104 -0.582 1 -0.103 0.185 
EOS % -0,342 -0,325 -0,355 0,001 0,048 0,036 -0,302 0,033 -0,071 -0,103 1 -0,125 
BASO % 0,112 0,127 0,117 -0,013 0,025 0,028 0,010 -0,223 -0,114 0,185 -0,125 1 
 
In Experiment 2, the results obtained differed from that obtained in Experiment 1 in that the RBC, HGB and 
HCT were highly correlated, which provided an indication of no GxE interaction. 
 
6.4  Discussion 
The effect of treatments on the health status and stress level   can be determined through the analysis of 
haematological parameters in fish (De Pedro et al.,  2005; Martins et al. 2008). An analysis of blood 
components provides information about the physiological status of fish as well as their level of tolerance to 
changes in diet or the environment. Hrubec et al. (2000) reported that the haematological and blood 
chemistry for farmed tilapia (Oreochromis hybrid species) can be influenced by factors such physiological 
status, environmental conditions and dietary regime.Guimares et al., 2014 reported on a significantly lower 
concentration of RBC, HB, HCT and WBC in Nile tilapia fed vitamin A unsupplemented diet. He also reported 
erythrocytes from the fish fed without the addition of vitamin diet  were almost susceptible to hemolysis 
under hypotonic saline conditions, but reported strong resistant in group of fish fed with highest dietary level 
of the diet.   
 
It is evident from the results obtained in this study that diet and season influenced the blood parameters. 
Several studies have reported on the haematological parameters of O. niloticus recorded under different 
culture conditions and systems, however, the results from these studies are not comparable with this study, 
because of limited information on the related studies.  
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The haematological parameters of six O. niloticus strains were analysed to determine the level of stress and 
adaptation to stress in the culture environments used in this study. The RBC, HGB and BASO were not 
significantly different from each other across the group of strains for the two experiments. For HCT, MCV, 
WBC, the GIFT strain had the highest values in Experiment 1. This could be attributed to the fact that it is an 
improved strain, therefore it can thrive over a wider range of conditions. Collazos et al. (1998) reported on 
the genetic makeup of fish which could influence haematological parameters.  
 
For LYM and EOS S3 had the highest value, S3 had the highest in NEU, MCH and MCHC, and S1 had the highest 
value in MONO. This result shows variations in the blood parameters of the various strains which could be as 
a result of physiological homeostasis (i.e. internal factors) and environmental factors (external) (Orun & 
Dorucu, 2003; Keri et al., 2012).Other factors that could cause this variation could be genetic, non-genetic, 
water quality, temperature, and differences in sex (gender) (Collazos et al., 1998), age and species, 
malnutrition (Keri et al., 2012), environmental stress (Singh,  2009), fish size (Garcia et al.,  1992), seasonal 
differences  and breeding efficiency (Pradhan et al., 2014), metabolic adaptation and fish. 
 
Red blood cells are a highly indicative blood parameter in fish (Daneshvar et al., 2012), and contain 
haemoglobin which enables RBC’s to transport oxygen and carbon dioxide in living cells. Malfunction of RBC 
can result in stress (De Pedro et al., 2005). In this study, RBC across the different strains were not significantly 
different from each other from both studies which ranges from (1.970 to 2.142) which was in the interval 
Hrubec et al. (2000) reported. This an indication that the strains in Experiment 1 compare favourably and 
were not stress, this could be attributed to the environmental temperature. In Experiment 2, the values of 
RBC obtained for S3 (1.761) and S6 (1.843) were lower than the range reported by Hrubec et al. (2000). 
 
The results of this study are  higher than what was reported for Siganus sutor (0.97 ×106/mm2 and lower than 
3.39 ×106/mm2  reported in Epinephalus merra by (Elahee & Bhagwant, 2007). (Fazio et al. 2013) reported 
values range from 2.21 to 4.47 ×106/µL for grey mullet Mugil cephalus while Hrubec et al. (2000) 
recommended an interval of 1.91 to 2.83×106/µL as a guide for RBC count in tilapia, therefore the range of 
RBC values obtained in this study are in line with the work of Hrubec et al. (2000).The range of values 
obtained by the study of Ian et al. (2016) on the haematological parameters of O.niloticus fed varying diet of 
Moringa oleifera were all lower than the values in this study. 
 
As gender is believed to affect haematological parameters by (Santos & Egami, 2009), the significant 
difference in HCT for S4 (32.013 ×1012/L) can potentially be ascribed to the fact that most of the fish randomly 
sampled for blood collection, were males. However, no sexing of the sampled fish was performed.  Clark et 
al. (1979) reported on the variation in the mean haematocrit value for fish, which ranges 20 – 35%. The 
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haematocrit values obtained in this study for both experiments (Experiment 1: 29– 32%; Experiment 2: 30– 
32%) were within the range reported by Clark et al. (1979). 
 
The haemoglobin in the experiment 1 and 2 recorded (11.015 – 11754g/dL ; 10.521 – 11.870g/dL) 
respectively. The values were within the range reported by Chuku & Uwakwe (2012) for tilapia species, i.e. 
3.7 to 12.94 g/dL, which is considered as an indication of good health among the strains. 
 
Clark S,  (1979) reported variation range in MCV (12.36 – 528.57/µ), MCH (5.07 – 120.86pg) and MCHC (19.84 
-87.73%) for Nile tilapia. The values reported for the erythrocyte parameters in this study which were 
represented in tables 6.1 and 6.2 were within the range reported by (De Lucas et al.,  2003). The strains were 
not too different from each other for these parameters. S3 was significantly different from the other strains 
for MCV while S1 was significantly different from others for MCH and MCHC respectively. 
 
Effect of season/ temperature change were observed in some of the haematological parameters. There was 
an increase in RBC, HB and HCT values reported for the summer period, which are in agreement with the 
studies of Guijarro et al. (2003) and De Petro et al. (2005). Seasonal effect may be attributed to respiratory 
compensation which is necessary for supplying oxygen to tissues (Guijarro et al., 2003).  
 
WBCs (leucocytes) are part of the immune system of the body, and leukocyte counts are useful in diagnosing 
diseases and to assess the effect of treatments. Leukocytes consist of lymphocytes, neutrophils, monocytes, 
basophiles and eosinophils. Lymphocytes, in the group of leucocytes are the most present in the blood of fish 
contrary to WBC proportion in livestock such as dog, horse, pig and cat having neutrophil as the most present. 
While in ruminant it is eosinophils. Basophils is present in very small proportion compared to lymphocytes in 
Experiment 2. Increase in WBC connotes proper functioning of the immune system while reduction in it levels 
means reduction in the ability of the cells to fight against diseases. Although in Experiment 1 the percentage 
of WBC were higher than in Experiment 2 but there were no diseased conditions recorded during the 
experimental period, the variation recorded could be attributed to influence of season change. S4 was 
significantly higher in most of the parameters such HGB, HCT, MCV, WBC and BASO.  
 
It is believed that the variation observed in the haematological parameters could be attributed to seasonal 
change. RBC, concentration was higher in summer ranges from (1.970 – 2.142; while in winter it is from 1.761 
– 1.966), Binod et al., 2014 reported the same result obtained in the seasonal variation of Catla Catla. The 
RBC of Catla Catla in summer were higher than in winter even the result obtained in this study were higher 
(1.644 in summer while 1.44 in winter) than what was reported by the author. The same author reported 
higher HB concentration in summer which corroborate the result of this study. Similarly he reported higher 
concentration of HCT in summer ( 23.8 – 32.9), for this study HCT concentration  were not different across 
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the two seasons which could be attributed to the genetic makeup and environmental factor of the strains. In 
nutshell all the parameters blood analysed such as MCH, MCV. Erythrocyte and leukocytes were all higher in 
summer the study of Binod et al 2014.For this study MCH and MCV were higher in winter contrary to the 
author’s report which could be attributed to gene and environmental conditions. MCHC and WBC were 
higher in summer in line with study. In like manner NEU and LYM were also higher in summer in support of 
the study. MONO higher in winter in winter for this study and finally EOS and BASO in winter were higher for 
this study. In summary all the various blood parameters compare favourably within the accepted range. Good 
constituent of blood parameters in fish production allow for good health and promote development. 
 
Effect of GxE on the haematological parameters through correlation coefficient 
A lack of association in the values obtained for the various blood parameters across all the strains in 
Experiment 1 indicates the presence of GxE, whilst a very high positive correlation was observed between 
RBC, HGB and HCT in Experiment 2 is an indication of no GxE interaction.  
 
A correlation coefficient approach was used to analyse for GxE instead of a biserial correlation approach, for 
biserial correlation analysis is used where two variables are involved. The LE diet group would have been the 
second variable, but due to the inability to collect blood samples from the fish, a biserial correlation analysis 
was not possible. 
 
6.5  Conclusions 
The results indicated that the respective strains adapted well to the production conditions used in this study, 
as reflected In the low  leukocyte levels reported in this study. The GIFT strain (S4) appeared to adapt and 
perform better to the environment than the other strains used in the study. The inability of the LE diet to 
support growth in the strains on this diet, resulted in a slow growth rate and an inability to collect blood 
samples from these fish. It was thus impossible to assess whether the strains on the LE diet adapted well and 
were not stressed in the new production conditions. . Future studies should extend the observation interval 
to assess the ability of improved genotypes to tolerate production conditions that involve medium to low 
energy and protein diets. 
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Chapter 7 
General conclusions and recommendations 
 
7.1 General conclusions 
 Globally the increased demand for aquaculture products is driven by the dwindling natural fisheries 
resource, an increase in the global population, and an improvement in income levels that result in an 
increase in per capita consumption of aquaculture products (FAO, 2014b). For aquaculture to sustain 
current levels of growth and thus be able to contribute to food security, issues that need to be addressed 
include optimising growth rates, improved yield, feed conversion efficiency, resistance to diseases, and 
the use of genetically improved strains to meet the demand for food (FAO, 2008b). 
 
Aquaculture has become one of the fastest growing global food producing sectors, with the Nile tilapia 
(Oreochromis Niloticus L.) as the second most produced freshwater species, mainly due to it being 
preferred by consumers and the species’ adaptability to a wide range of environmental conditions. Also 
in Africa, tilapia is an important source of affordable animal protein for the rapidly growing human 
population. In order to meet the growing demand, various government and developmental agencies are 
promoting the use of genetically improved tilapia strains in an effort to improved production efficiency of 
subsistence small-scale as well as large- intensive farming systems. This approach poses a particular 
challenge in Africa where tilapia production takes place in a wide variety of geographical and 
environmental conditions, as well different types of farming systems ranging from extensive low-input 
systems to intensive high-input systems.  
 
The small contribution that aquaculture in Africa is currently making to food security (±5%) can be ascribed 
to various factors. The production conditions in Africa and especially in the countries where tilapia is 
farmed with, is characterized by a large variation in the environmental conditions such as water quality, 
climate, and production system used. The aquaculture producing sector is made up of commercial and 
subsistence farmers, with the latter representing almost 90% of the sector. The viability and sustainability 
of tilapia production by subsistence farmers is hampered by poor access to technologies and feed raw 
materials that can allow them to farm more cost-efficiently. There has thus in recent years been an 
increase in initiatives by different government agencies to promote the use of improved strains that 
potentially will have the ability to outperform wild stocks in terms of growth rate and yield when cultured  
under a wide range of production conditions such as tanks, earthen ponds, etc. 
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Genetic improvement of particular traits that are considered important in animal production is a common 
practice in the livestock production industries. When the aquaculture industry is compared to livestock 
industries, it is clear that there is still tremendous scope for the development of improved genotypes that 
will allow aquaculture producers, and in particular subsistence farmers, to farm as optimal as possible to 
ensure sustainable and cost-efficient production. As mentioned above, Africa is characterized by a diverse 
range of production conditions, and therefore it is important to promote the most appropriate strain for 
a particular set of production conditions. Qualifying and quantifying the interaction between a genotype 
and its environment (in this case production conditions including system, feed, etc.), which is also known 
as genotype x environment (GxE) interaction, will assist tilapia producers in Africa to choose the best 
genotype for their production conditions.   
 
To the best of our knowledge, there is no existing literature on the comparison of unrelated and improved 
tilapia strains in terms of their performance in different production conditions in Africa. The objective of 
this study was therefore to assess the performance of six unrelated Nile tilapia strains and to determine 
the potential influence of GxE interaction on growth rate, proximate carcass composition and 
haematological parameters of the strains that received a high energy (HE) and low (LE) energy diet 
respectively. 
 
The null hypothesis formulated in this study was accepted, i.e. that the performance of the respective Nile 
tilapia (O. niloticus) strains used in this study was not affected by GxE interaction when cultured in a high-
input and low-input system.  
 
Production performance (growth) of strains 
The study indicated that the six genetically unrelated strains of Nile tilapia, obtained from geographically 
separated hatcheries from three continents, were sufficiently different to be used for the study. The 
comparative growth analysis revealed statistically significant differences between the strains in relation 
to growth parameters, proximate carcass composition and haematological parameters.  
 
The experimental design also incorporate to distinct nutritional regimes in the form of a high energy (HE) 
diet based on a commercial feed and a natural low energy (LE) diet in the form of duckweed (Lemna 
minor). To the best of our knowledge, no evidence could be found in literature of previous work conducted 
on the comparative growth performance and the effect of GxE interaction of different strains of O. 
niloticus on a diet consisting exclusively of duckweed (Lemna minor), compared to performance of strains 
when fed a formulated commercial feed. The study is also, to the best of our knowledge, a first of its kind 
to incorporate proximate composition, haematological parameters and the use of biserial correlation 
analysis to quantify the effect of GxE interaction on Nile tilapia production.  
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Significant differences were detected between strains and treatments (diets) over a wide range of 
phenotypic and physiological growth parameters. The genetically improved GIFT strain in particular 
exhibited consistent and improved growth in comparison to the other strains. This confirmed the 
presence of significant genetic variation amongst the strains and nutritional differences between the two 
diets, as a basis to investigate possible GxE interactions.  
 
A novel finding that contradicts various other references, was that the diet based exclusive on the ad lib 
intake of duckweed (Lemna minor) could not support effective growth of the fish, across all strains, 
although an acceptable condition factor, survival rate, yield and proximate component composition were 
maintained. Duckweed as a sole source of nutrition does not provide a suitable nutritional platform, as 
based on economic considerations as well physiological limitations, with regard to selective breeding and 
genetic improvement.  
 
The strains did not display any significant differences in terms of general carcass characteristics and 
proximate analysis components, although some differences were detected in relation to the HE and LE 
diets. The HE diets were associated with higher yield, condition factor and fat contents, and the LE diets 
with higher moist and ash contents. The higher moisture and ash content of the carcasses of fish on the 
LE diet implies that muscle volume was potentially compromised, which in turn can affect yield and 
product quality negatively. However, no significant differences were observed in terms of protein content.  
 
The haematological profile of tilapia can provide an indication of the overall wellbeing and stress levels in 
the fish. The haematological parameters related to the HE diet were within the normal range for tilapia 
species, indicating that these fish were not exposed to undue levels of stress during the study. The high 
and positive correlations for main blood parameters such as red blood cell count, haemoglobin and 
haematocrit were indicative of the absence of any GxE interaction. In this study the LE diet, however, due 
to its low energy content, resulted in a slow growth rate. This impacted negatively on the ability to 
quantify the influence of diet on the wellbeing of the strains in the low-input system. It could thus not be 
verified whether the stunted growth of the stains on the LE diet could be ascribed to nutritional stress, 
which ultimately will affect the time it will take to harvest fish for market, as well as potentially affect 
meat quality traits.  
 
On the basis of significant differences between strains and treatments (diets) regarding a range of 
phenotypic and physiological growth parameters, a series of phenotypic biserial correlation analysis were 
conducted to determine any indication of possible GxE interaction, together with assessment of the re-
ranking of strains. A key finding was that no quantitative indication of the presence of GxE interaction 
could be established, over a wide range of growth parameters in relation to the two treatments (diets). 
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7.2 Recommendations 
It is recommended that the GIFT strain, which performed better than the remaining strains, is promoted 
for use in production systems in Africa. However, care should be taken when advising farmers on which 
strains to use in their production system. It is very important to ensure that robust strains are 
recommended for a particular type of production of production system phenotypic performance is 
governed by the genotype and the environment when there is an interaction. When robust strains are 
not utilised in the appropriate enveironment, performance are impaired in the presence of GxE 
interaction. It is essential that appropriate strains are utilised in appropriate environment to ensure 
optimal performance, which will fulfil the objectives of breeding programme. 
When duckweed is utilised as a primary feed source in extensive farming systems it needs to be 
supplemented with other feed components in order to sustain and ensure optimal growth. This is contrary 
to general recommendations for the use of duckweed as an alternative feed source in tilapia culture 
irrespective of genetic strain used.  
 
The slow growth rate of fish that received duckweed in this study complicated the collection of blood 
samples for haematology assays. It is recommended that the treatment period is extended to obtain fish 
heavy enough to allow for successful blood sample collection.  However, this in turn may have an influence 
on the optimal carcass composition and meat quality traits (i.e. water holding capacity, tenderness and 
juiciness) which may influence consumer acceptability. 
 
Future studies can investigate the influence of supplementing duckweed with commercial feed or other 
nutritional supplements to assess the impact on the viability and sustainability of tilapia production 
systems. By lowering input costs, this can potentially contribute to optimising the cost-efficient 
production of Nile tilapia. 
 
The absence of a GxE interaction in this study neither confirm nor contradicts previous reports on GxE for 
tilapia, which emphasize the need to assess GxE interaction in relation to particular improved genotypes, 
especially when they are promoted for use in a diverse range of production conditions. 
  
 It is recommended that future research needs to include family structure in the experimental design to 
allow for the estimation of genetic variance and correlations as indicators of GxE interaction. In such 
experiments environmental conditions should also be manipulated to include temperature, stocking 
density, nutrition and water quality as factors that can potentially contribute to GxE interactions. It is 
important to establish the heritability and repeatability of the economically important traits to ensure 
that the most appropriate genotype is recommended for a particular production system, to thus ensure 
sustainable and cost-efficient production.  
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Based on the findings from this study, it is recommended that the current approach of disseminating most 
genetically improved strains of fish that were developed under optimal conditions to farmers that utilize 
high and low input systems respectively, should be maintained unless specific results are available to 
confirm the presence of GxE. Awareness also needs to be promoted regarding the potential impact of GxE 
interaction on the efficiency of genetically improved strains in different environments and production 
systems, and managers of genetic selection programs need to be cognisant of potential GxE interaction 
and how this can suppress the genetic ability of strains to perform under certain production conditions. 
 
In conclusion: 
The study confirms that the different strains of Nile tilapia used in this study differed in their ability to 
produce optimally under the conditions of this study, which differed from the conditions they were 
developed in. The absence of a clear significant GxE emphasizes the need to consider the potential impact 
that a GxE interaction may have on the ability of a genotype to perform when placed in a production 
system that differs markedly from the conditions the genotype was develop in.  
 
To ensure the viability of aquaculture production sector in Africa, and improve this sector’s contribution 
to food security, related government and developmental agencies should assist in the distribution of 
robust improved tilapia strains, promote the access to and use of quality feeds, as well as provide advice 
on the most appropriate husbandry practices and production system for a particular region. 
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